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ABSTRACT
Two hundred seven measurements of camera motion, made while
operators took photographs, were used to calculate the average
Modulation Transfer Function (MTF) and Subjective Quality Factor (SQF)
due to the motion. Eight experiments were performed with a 35mm camera
at weights of 300 and 600 grams. The camera displacement path was
sampled at intervals ranging from 0.5 milliseconds to 15.6
milliseconds. The MTF and SQF were calculated, at several shutter
times, from the measured displacement paths using the model of a
perfectly efficient shutter. SQF was a linear function of shutter
time. The MTF due to camera motion and shutter was also calculated for
two inefficient shutters. The perfectly efficient shutter has higher
MTF than either inefficient shutter modeled.
For both efficient and inefficient shutters, performance was
better with the heavier, 600 gram, camera.
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I. Introduction
Amateur photographs "turn out bad" for two major reasons. The
photographs suffer from poor tone reproduction or look unsharp. The
poor tone reproduction generally results from improper exposure. The
unsharp photographs are sometimes caused by focus errors, but more
often result from the operator's inability to hold the camera
absolutely steady during the exposure. There is considerable
literature covering the problems of image quality in general and tone
2
reproduction in particular , but comparatively little has been written
about camera motion and its effect on image quality.
This paper reports on an experimental investigation of camera
motion and its influence on image quality. The investigation consisted
of eight experiments. In each experiment, many measurements of the
camera motion were made while volunteers took photographs. In each
measurement, the camera position was sampled at equal time intervals
for a single volunteer. All the measurements in an experiment were
used to calculate the average MTF due to the camera motion and other
measures of system performance. While the results will interest
designers of all hand-held photographic systems, they apply
specifically to an inexpensive, lightweight 35mm camera.
The hypothesis was that the weight of the camera could affect its
motion enough to influence the resulting image quality. Investigation
of this hypothesis is timely because manufacturers are producing
amateur cameras which are smaller and lighter than ever before.
Because the cameras are lighter, the effect of weight on the motion and
resulting image quality is of interest. Moreover, because smaller
formats required manufacturers to develop better optics and better
films, camera motion now has a proportionally greater effect in
degrading the performance of all amateur cameras.
To test the hypothesis, operators took photographs with the camera
at two different weights while the motion was measured. People move
cameras differently and considerable data was required to accurately
determine the average MTF. A streamlined data reduction system allowed
over 200 measurements of camera motion to be collected and analyzed.
Various types of analysis were performed at both camera weights. The
camera motion MTF was calculated using three approximations to the
3
analytic expression. Subjective Quality FactorJ was calculated from
the MTF data and regressed against exposure time. The MTF of systems
with camera motion and inefficient shutters was investigated. The
temporal power spectrum of the camera displacement was also calculated.
It was used in conjunction with the mean camera displacement path to
suggest a mechanical model for the camera motion.
This investigation differs in several ways from work reported in
the literature. It is the first investigation on the effects of camera
motion with weight as a parameter. This is also the first time motion
measurements have been used to investigate the combined effect of
inefficient shutters and motion on system MTF. This is only the second
investigation in which the path of the camera motion was actually
measured, and it differs from Nagaswami's initial investigation in
many aspects. His investigation, along with other prior work, is
reviewed in the next section.
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II. Review of Prior Work
Prior work at R.I.T. on the effects of camera motion was done by
1 ?Nagaswami , using a device built by Hube . This device consisted of an
array of LEDs and associated control circuitry. When the LED array is
photographed, the camera shutter triggers the control circuitry. This
causes the LEDs to be first fired "instantaneouly" and then pulsed
sequentially at a slow rate. The displacement between LED images on
the film provides a record of the camera displacement as a function of
time. Because of the clock rates chosen, the apparatus was useful only
for relatively long shutter times. Hube's data collection was limited
to one measurement to prove the apparatus.
Nagaswami made the first measurements of the actual path of camera
motion. He collected 10 measurements of camera motion using a 20
millisecond sampling interval. The data was used to estimate the
temporal power spectrum of the camera motion. This estimate was used
in a computer simulation to generate many realizations of the camera
motion. The average MTF associated with the simulated realizations was
reported for several shutter times.
Most of the earlier studies were theoretical in nature and the
camera motion path was not measured in any of them. The very early
work on camera
motionJ
used resolving power rather than MTF as the
image quality criteria. Resolving power was largely replaced by MTF
4 5 6 7 8
after Duffieux , Luneberg , Schade , Lamberts , and others applied
Fourier methods to problems in optics and photography. This change was
reflected in camera motion investigations. Scott gave the first
expressions for transfer functions due to two types of camera motion.
He treated the case of rapid sinusoidal vibration and linear motion at
a constant velocity, assuming a perfect camera shutter.
Paris ' treated linear motion, sinusoidal vibration, combined
linear motion and sinusoidal vibration, and Gaussian motion about a
point. Although he used transfer functions in his work, his goal was
to predict resolving power changes. He used transfer functions of
optics, film, and camera motion to predict system resolving power and
compared these predictions with experimental results.
12
Hendenberg and Welander discussed the effect aircraft motion had
on the MTF of aerial cameras. They calculated the transfer function
due to linear motion of a camera having a trapezoidal shutter function.
Experiments were then conducted in which a camera in one aircraft
photographed targets on another. The aircraft with the targets was
flown stationary with respect to the camera aircraft and at two
relative velocities. The transfer function due to camera motion was
then inferred for the two non-zero velocities. Their experimental
transfer functions were lower than their calculated values, possibly
because they ignored the effects of their inefficient shutter on the
taking lens Optical Transfer Function.
13
Myszko gave an expression for the transfer function due to
camera motion in terms of the statistical properties of the motion.
Implicit in his treatment is the time-independence of all other
transfer functions. The transfer function due to camera motion is given
by a time integral of the joint characteristic function of the joint
probability function of the (assumed) stationary, random vibration
process. The characteristic function is defined as a Fourier
transform; hence, this expression means the spread function due to
camera motion is the time integral of the joint probability function.
ill
Shack gave a comprehensive treatment of the image forming
system, which is particularly useful because of his clear exposition of
the physical situation. He included the effects of the OTF, focal
plane and between-the-lens shutters, camera motion, and the film
characteristics. In the absence of camera motion, he showed the focal
plane shutter had a transfer function that could be cascaded with the
OTF. No camera motion transfer function exists in the case of a
between-the-lens shutter because the OTF itself is time-dependent due
to the pupil apodization. By postulating an efficient shutter, the
transfer function due to camera motion can be defined in terms of the
parametric equations of camera motion.
IK
Som , in an approach similar to Shack's, gave expressions for the
transfer function and spread function due to camera motion with the
equations of motion known. He then treated the problems of linear
smear at constant velocity and constant acceleration. He obtained the
interesting result that the MTF was always higher for constant
acceleration than constant velocity smear of the same extent. However,
the image spectrum in the prior case suffers from phase distortion.
General expressions for MTF due to camera motion were given in the
papers by Myszko, Shack, and Som. Myszko's work lends itself to
situations where the statistical properties of the motion are known,
but the exact camera path is not. It is not particularly relevant to
this investigation. The papers by Shack and Som are particularly
useful when the exact path of camera motion is known, as is the case
here. The expressions first given by Shack are used extensively in the
next chapter, which covers the theoretical aspects of MTF in general,
and camera motion MTF in particular.
References
1. Venkatraman Nagaswami, "Modulation Transfer Function of Image
Motion due to Operator Vibration" (unpublished M.S. thesis,
Rochester Institute of Technology, September 1979).
2. Randall R. Hube, "Design, Construction, and Testing of Sequentially
Flashing LED Array to Study Angular Camera Motion in Handheld
Camera Systems" (unpublished B.S. thesis, Rochester Institute of
Technology, June 1978).
3. See references 1-3 in the article by Dieter P. Paris, "Influence of
Image Motion on the Resolution of a Photographic System" Photogr.
Sci. Eng. 6 (January-February 1962):55.
4. P.M. Duffieux, "L'Integrale de Fourier et ses Applications a
L'Optique" (Rennes-Oberthur: privately published, 1946).
5. R.K. Luneberg, The Mathematical Theory of Optics (University of
California Press, 1964). Based on lectures at Brown University,
1944.
6. O.H. Schade, "Image Gradation, Graininess and Sharpness in
Television and Motion Picture Systems. IV. Image Analysis in
Photographic and Television Systems" J. Soc. Mot. Pic. Tel. Engrs.
64 (1955):593-617.
7. R.L. Lamberts, "Measurement of Sine-Wave Response of a Photographic
Emulsion" J. Opt. Soc. Amer. 49 (1959):425-428.
8. Contemporary treatments are given in Joseph W. Goodman,
Introduction to Fourier Optics (San Francisco: McGraw-Hill Book
Company, 1968TT J.C. Dainty and R. Shaw, Image Science (London:
Academic Press, 1974); Jack D. Gaskill, Linear Systems, Fourier
Transforms, and Optics (New York: John Wiley & Sons, 1978); and in
chapter 21 of The Theory of the Photographic Process, 4th ed.,
edited by T.H. James CNew York: Macmillan Publishing Co. , Inc.,
1977).
9. Roderic M. Scott, "Contrast Rendition as a Design Tool" Photogr.
Sci. Eng. 3 (September-October 1959):201-209.
10. Dieter P. Paris, "Influence of Image Motion on the Resolution of a
Photographic System" Photogr. Sci. Eng. 6 (January-February
1962) :55.
11. Dieter P. Paris, "Influence of Image Motion on the Resolution of a
Photographic System: II" Photogr. Sci. Eng. 7 (July-August
1963): 233-236.
10
12. L.O. Hendeberg and E. Welander, "Experimental Transfer
Characteristics of Image Motion and Air Conditions in Aerial
Photography" Appl. Opt. 2 (April 1963): 379-386.
13. R. Myszko, "Effect of Vibration on the Photographic Image" J. Opt.
Soc. Amer. 53 (August 1963):935-940.
14. Roland V. Shack, "The Influence of Image Motion and Shutter
Operation on the Photographic Transfer Function" Appl. Opt. 3
(October 1964): 1171-1 181.
15. S.C. Som, "Analysis of the Effect of Linear Smear on Photographic
Images" J. Opt. Soc. Amer. 61 (July 197D:859-864.
11
III. Theoretical Considerations
Introduction
The hypothesis of this investigation is that camera weight will
affect the motion of a camera enough to significantly change the image
quality. Since the motion arises from forces applied to the camera by
the operator, the camera mass will naturally affect its acceleration,
velocity, and displacement path. The question is whether or not these
weight induced changes in the motion have a significant effect on the
quality of photographs taken with the camera.
Answering this question requires a measure of the camera
performance that can be experimentally determined for different camera
weights. Because Modulation Transfer Function (MTF) is generally
recognized as the most useful measure of photographic performance, it
was used here to describe the effects of the camera motion. Several
approaches are possible in experimentally determining the MTF. In this
investigation, the average MTF was calculated from many measurements of
the camera motion. This has the advantage of allowing the camera
motion itself to also be studied.
The primary purpose of this chapter is to develop formulas in
terms of experimental motion data for computing the average MTF due to
camera motion. Three formulas are developed. They are based on an
expression for the system transfer function that includes shutter
12
function and camera motion. This expression was first given by Shack .
To set the stage for this discussion, the concepts of a linear
space-invariant system and its MTF are first reviewed briefly.
Linear Systems and Modulation Transfer Function
Modulation Transfer Function is a transfer function associated
with the linear, space-invariant models for various stages in an
imaging system. Although neither condition is ever precisely met, the
models are very useful because superposition holds in a linear system.
This allows a complicated input to be expressed as weighted values of
some convenient elementary function. The output is then given by
summing the response to the elementary function, weighted in the same
way as the input. If the system is space-invariant and the elementary
function is an impulse, the superposition operation takes the form of a
convolution integral. Choosing a sinusoid as the elementary function
leads to the transfer function approach.
Any sinusoidal (or complex exponential) input to a linear,
space-invariant system is output as a sinusoid of the same frequency,
possibly attenuated in amplitude and shifted in phase. Fourier
analysis teaches that any physically realizable function may be
expressed as a sum of weighted complex exponentials. The system output
is determined by Fourier transforming the input into its frequency
components, cascading these components with a transfer function
characteristic of the system, and back-transforming the product. The
13
transfer function is the Fourier transform of the system response to
an elementary impulse. In a linear, space-invariant system, the
output can be determined either by convolution or transform
techniques, but the latter is frequently an easier mathematical task.
A linear system is defined as follows:
Let i(x1,y1) be an arbitrary input to a linear system.
L * be the operator defining the system.
The system output is then given by:
(D o(x2,y2) = l[ Kx^y.,) ]
If the system is linear, for any arbitrary weights a and b, the
following expression is true:
(2)
L [ ai1(xl,y1) + bi2(x1,y1) ] = a L [ i1(x1,y1) ] + b L [ i2(x1,yl) j
That is, superposition holds.
Any arbitrary input can be expressed in terms of elementary
2
impulses, or Dirac deltas . Equation (3) shows the decomposition of
the input, i(x1,y1), into weighted and displaced impulses via the
sifting property of the impulse function.
+ oo
(3) i(x1,y1) = // i(a, j3) 5(x1 -a, y1 -j3)dad/3
- oo
The quantity i( a , /? ) dad is the weight on the impulse at position
14
(a, |3).
In the limit, Equation (2) is an integral and the weights a and b
are replaced by the weighting function i(a , j3). The system output is
given by Equation (4).
+ oo
(4) o(x2,y2) = Lf i(xl,y1)l = //i(a,/3) L [ 5(x, -a,y1 -0)] dad<3
- oo
The output of the system is found by weighting the impulse response
function, h(x2,y2>a,|3 ) = L 8(xya9yy(i) , with the weighting
function used to decompose the input. The impulse response gives the
system response at (x?,y2) due to an ideal point at (a,0).
Generally speaking, the impulse response function changes depending on
the location of the impulse in the input space. However, for the
important case of space-invariant systems, the impulse response
depends only upon the distances (x^- a,y?- /J) and the output can be
written as the convolution of the input and impulse response. This is
given in Equation (5), and the physical meaning is illustrated in
Figure 1.
+ oo
(5) o(x2,y2) = // i(a,/3) h(x2-a ,y2-j3)dad/3
- oo
This convolution in the space domain is replaced by a simple
multiplication in the frequency domain. The convolution theorem, which
allows this, can easily be derived from the definition of the Fourier
transform pair in Equation (6). The Fourier integral decomposes a
15
0
y2
(Weighted strength (Value of impulse
of impulse) response at (x2 ,y2 ) )
[i(a,0)aaa/3] [h(x2-a ,y2/3)l
The response at (x2 ,y2 ) due to weighted impulse
at ( a ,j3 ). The total response at (x2 ,y2 ) is:
o(x2,y2) = li i(a,/3) h(x2-a,y2-|3) 3a9|3
Figure 1. Physical meaning of convolution.
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function into elementary complex exponential functions rather than
impulses. This alternate representation has great utility because the
relationship between the spectra of the output and input is simpler
than the relationship between the functions themselves. This can be
seen in the frequency domain analog of Equation (5), which is given in
Equation (7).
+oo
(6a) F(u,v) = // f(x,y)exp(-j27r (ux+vy))dxdy
-oo
+ oo
(6b) f(x,y) = ff F(u,v)exp(-j2 7r(xu+yv))dudv
-oo
(7) 0(u2,v2) = I(u2,v2) H(u2,v2)
In this simple multiplication expression, I(u,v) and 0(u,v) are
the Fourier transfoms of the input and output, respectively. H(u,v)
describes how the spectral components in the input, which are given by
I(u,v), are changed to produce the output spectrum. H(u,v) is the
transfer function. It is the Fourier transform of the impulse
response. In practice, the transfer function is usually prefered to
the impulse response. This is because the transfer function of a
multicomponent system is given by a simple product of the component
transfer functions. Working the problem by convolution is usually
more difficult. However, the impulse response and transfer function
both completely describe the system. The relationship between the
17
input, output, impulse response, input spectrum, output spectrum, and
transfer function are summarized in Figure 2.
For mathematical convenience, these functions are written as
complex with the understanding that only the real part is of
interest. The modulus of H(u,v) is the Modulation Transfer Function
(MTF) and the phase is the Phase Transfer Function (PTF). The meaning
of the MTF and PTF can be seen in Equations (8) and (9). The first
equation describes a simple sinusoidal input of modulation m. The
corresponding output from the system in terms of the MTF and PTF is
given in Equation (9).
(8) i(x) = 1 + m cos [ 27ru0(x-x')]
(9) o(x) = 1 + MTF(uo) m cos [ 2 7Tuo(x-x') + PTF(uq)]
The MTF is a "transmission factor" showing how the modulation of
sinusoids are attenuated by the system at different frequencies. The
PTF gives the phase change of the input sinusoids at different
frequencies.
In photographic work, MTF is frequently used to describe the
performance of lenses, films, printers, and paper. However,cascading
these transfer functions may not accurately predict the system MTF when
a hand-held camera is used. Any photographer knows that long shutter
times degrade quality because it is impossible to hold the camera
absolutely steady. The MTF associated with this motion can be cascaded
18
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Input
Impulse
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Frequency Domain
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Fourier
Transform
I
. Fourier
Transform
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Transfer
Function
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I
.Fourier
Transform
I
I
I
Output
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Figure 2. The relationship between input, input
spectrum, impulse response, transfer
function, output and output spectrum
in a linear space invariant system.
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with the others to improve the prediction of system MTF. In the next
section, an expression for this transfer function is given in terms of
the equations of motion.
MTF due to Camera Motion
In a common model for the photographic system, the first stage
relates the object radiance distribution to the effective exposure
distribution in the recording material. This stage is linear in power
at any instant in time and space-invariant over some region of the
image plane. Consequently, linear systems analysis and transform
techniques are frequently used to describe it. The transfer of power
(radiance) information in the object plane to energy (exposure)
information in the image plane implies a time integration of irradiance
at the image plane. The image plane irradiance is not perfectly
proportional to the object plane radiance. It is degraded by the
impulse response of the optics, which is often called the point spread
function (PSF).
The evaluation of exposure in a real camera is complicated by
several considerations: the effect of the shutter on the lens PSF, the
motion of the image plane due to the camera moving and any reciprocity
characteristics of the photographic recording material. Neglecting
reciprocity effects, but postulating a time-dependent optical PSF and
motion of the image plane, the PSF of the system is given by:
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(10)
PSFs(x,y,T) = PSFf(x,y) * { T"1 Js(t)PSFQ[ x-x(t),y-y(t),t ] dt
where: * indicates convolution
PSF (x,y,T) is the effective exposure PSF of the system
for effective shutter time T.
T is the time when the shutter closes.
PSF~(x,y) is the time independent PSF describing the
film microstructure characteristics.
PSF (x,y,t) is the time-dependent optical PSF,
incorporating the changing shape of the
exit pupil due to the shutter.
S(t) is the ratio of the shutter area at time t
to the area when fully open.
x(t),y(t) are the equations of motion describing the
camera travel in the plane normal to the
optical axis.
Equation (10) is similar to an expression given by Som . It can
easily be written by inspection. At any instant, the contribution to
the total PSF is given by the convolution of the film PSF with the
optical PSF, centered at the current position of the image point on the
film. The individual contributions are weighted by the power getting
through the shutter at that instant. The total PSF is found by
integrating over the entire shutter time.
21
The equivalent expression in the spatial frequency domain is:
7 +00
(11a) Ts(u,v,T) = Tf(u,v) T'1 /s(t)[ ff PSFo(x-x(t),y-y(t),t)
0 -00
exp(-j2 7T(xu+yv))dxdy I dt
letting a = x - x(t) and j3= y - y(t)
7 +00
(11b) Ts(u,v,T) = Tf(u,v) T~1 js(t)[ // PSFQ(a , 0 ,t)
0 -00
exp(-j2 7r(au+j3v))dad0 exp! -j2 7r(ux(t)+vy(t)) dt
7
(11c) Ts(u,v,T) = Tf(u,v)
T"1 /S(t) TQ(u,v,t)
0
expj -j2 7r(ux(t) + vy(t)) J dt
where T .T*., and T are the transfer functions associated with thes' f ' o
system, film, and optics, respectively. TQ(u,v,T) is given by the
normalized autocorrelation of the lens exit pupil as modified by the
shutter. This is illustrated in Figure 3- If the shutter is very
efficient at shutter time T, 7 = T, S(t) is approximately a rect
function, and the transfer function TQ(u,v,t) is approximately time
independent. Under these assumptions, Equation (11c) becomes:
22
Figure 3. Effect of camera shutter on time
dependent OTF.
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Amplitude PSF of
lens; time independent
Pupil function of
lens; time independent.
Equivalent amplitude
PSF of shutter;
time dependent.
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lens and shutter;
time dependent.
Irradiance PSF of
lens and shutter
given by
PSF
As shutter opens,
it modifies pupil
shape.
Pupil function of
lens and shutter;
time dependent.
Transfer function
of lens and shutter
given by normalized
auto-correlation of
time-dependent pupil.
amplitude!
Figure 3-
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T
(12) Ts(u,v,T) = Tf(u,v) TQ(u,v) T"1 / exp(-j2 7r(ux(t)+vy(t))dt
0
The transfer function due to camera motion, T (u,v,T), is given by:
T
(13) Tffl(u,v,T) = T'1 /exp(-j2 7r(ux(t)+vy(t))dt
0
The system transfer function is:
(14) Ts(u,v,T) = Tf(u,v) TQ(u,v) Tm(u,v,T)
Equation (13) is the basic definition of the transfer function due
to camera motion. It has meaning only under the assumption of an
efficient shutter and hence time-independent OTF. Equation (13) is
separable in u and v. Therefore, the transfer function due to camera
motion will be treated as a function of only one spatial frequency
variable, it being understood that the two dimensional function is
given by the product of the one dimensional functions. We can write
the one dimensional transfer function as:
T
(15) Tm(u,T) =
T"1 Jexp(-j2 7rux(t)) dt
0
Naturally, there is a spread function due to camera motion.
Shack and Som5 both gave expressions for it. Although it is not
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calculated in this investigation, the approach will be briefly
outlined.
Equation (15) can be written as:
(16a) V,T) . I'1 J e*P'-7dr(t" dt n
0
The instantaneous velocity dx/dt, can be mapped from the time axis to
the space axis and written as V(x). Equation (16a) is then written as:
(16b) yu,T) = r1 / exP(~^^
+00
UX(t)) dx
The integral is defined to be zero outside the maximum excursion. The
function
V(x)~
is the spread function associated with the camera
motion.
The expressions for spread function and transfer function given in
this section are useful only if analytic forms of the camera motion are
known. They are not appropriate for calculations from the experimental
measurements of the camera motion collected in this investigation. The
next section develops three formulas for camera motion MTF that are
based on Equation (13). These formulas are appropriate for calculation
from sampled data.
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Calculation of Average Camera Motion MTF from Sampled Data
The transfer function due to camera motion was defined in Equation
(13); the separable components were defined in Equation (15), which is
reproduced below. In this section, three formulas are developed for
estimating the transfer function of Equation (15) from equally spaced
measurements of the camera motion. Because there is a statistical
distribution associated with the motion, the formulas are developed to
find the mean and variance of the MTF from multiple measurements of the
motion. The phase transfer function was not calculated. Two of the
approximations involved replacing the integral by a summation, while
the third involved a power series expansion.
T
(15) Tm(u,T) = T"1/exp(-j27rux(t)) dt
0
The first approximation used was simple rectangular rule
integration. The expression to be calculated is straightforward:
N
(17) Tm(u,T) =
N~1 E exp(-j2 7rux(i At))
i=1
where T = NAt.
Implicit in this approach is the assumption that the motion described
by x(t) is discontinuous, as shown in Figure 4.
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A better assumption for the motion described by the sampled values
of x(t) is constant velocity between the sampled points. This is
shown in Figure 5 for the same data used in Figure 4. The proper
summation approximation to the integral under this assumption is not
immediately obvious. It is developed below with reference to Figure 6.
Figure 6 shows two sampled points of x(t). The camera is assumed
to move between the two points with a constant velocity of AX/ At. The
contribution of this segment of the sampled function to the integral is
given by:
t
/i+1 AX
exp(-j2 7ru [x(t.) + -r-r ] 77 )drj
fci
This can be written as:
+ 00
(18b) Contribution = exp(-j2 7rux(ti)) fJ rect( )
- 00
exp(-j2 7ru -=| T?)dT}
(18c) Contribution = exp(-j2 7ru [ x(ti) + A>-]) sinc(uAX)
In Equation (18c), the well known Fourier transform pair,
rect(x) sinc(u) ,
was used. This equation gives the contribution to the transfer
function from motion in the interval t., t. ... Calculation of the
29
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Figure 5. Sampled data interpreted with constant
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Time ^
Figure 6. Quantities used in development of
Equation (19).
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transfer function under the assumption of constant velocity between
sample points requires summing the individual contributions. This
yields:
N
AX.
(19) Tm(u,T) = N~1 exp(-j2?ru [ x(iAt)+ -^ ] ) sinc(uAX.)
i=1
where T = NAt.
The third approximation makes use of the power series expansion
x2
exp(x) = 1 + x + -~t- + ... Expanding Equation (15) and truncating after
the second order term yields:
T T
-1 e /-.n Jt o_2 2 .p-1 r 2.(20a) Tm (u,T) = 1 - j2ttu
T"1 f x(t) dt - 2tt2u
T" /V(t) dt
0 0
Recognizing that the first two moments are given by :
T T
m1 =
T"1 / x(t) dt 1^ = T"1 / x2(t) dt
0 0
yields:
(20b) VU'T) = 1 - J2
7rumlT"1
- 2
7T2u2m2T"1
If the origin is shifted to make m. = 0, statistics teaches that
nu = a2, the variance. The shift of origin contributes a linear phase
term to the transfer function. The result is the following expression:
32
(20c) Tm(u,T) = (1-27T2u2a2) exp(-j27rux)
? ?
where x = m./T and a - m?/T - x
From sampled data, the mean and variance are calculated in the normal
fashion and Equation (20c) gives the second order approximation to the
transfer function. The MTF is given by the 1 - 2 tt2u
a2
term.
Equations (17) and (19) are useful for calculating the transfer
function from a single measurement of x(t) and y(t). In Table 1, these
expressions are extended for calculation of the average MTF and
variance in the MTF from multiple measurements. The expressions in
Table 1 were programmed. Computations were also performed using the
moments expression of Equation (20c). In this case, the variance in
the motion between all operators was used to calculate the mean MTF
only. The software implementing these formulas is described along with
the experimental methodology, parameters, and data handling procedures
in the experimental discussion. This discussion makes up the next
chapter.
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IV. Experimental Work
Introduction
This investigation dealt with the effect of camera motion on the
performance of a hand-held camera. In the last chapter, it was shown
that MTF is a good measure of photographic system performance. It was
also shown that, under the assumption of a perfectly efficient shutter,
the MTF due to camera motion can be defined. This MTF can be cascaded
with those routinely reported for lenses, films, and other components
to predict the performance of photographic systems. In this
investigation, the camera motion MTF and the motion itself were the
response variables initially determined. Later, additional measures of
image quality will be used and inefficient shutters will also be
considered.
The hypothesis of the investigation was that the weight of the
camera would affect its displacement path enough to influence the image
quality of the system. To test this hypothesis, several experiments
were run with two different camera weights. The motion of the camera
was measured at both weights and the camera motion MTF calculated.
This chapter describes these experiments. Information is presented on
the details of the experiments themselves, the techniques used to
measure and reduce the camera motion data, and the software used to
calculate the MTF.
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Description of Experiments
Eight experiments were performed in this investigation. In five
experiments the camera weight was 300 grams. In the remaining three it
was 600 grams. Each experiment involved collecting from 19 to 33
measurements of the camera displacement path using a pulsed LED array.
Each measurement contained 64 sampled data points, representing the
camera position as a function of time. The interval between sampled
data points was constant for all measurements in a given experiment,
but was varied between experiments. It ranged from 0.5 to 15.6
milliseconds during the investigation. After each experiment, the
motion data was digitized and some analysis performed. This analysis
included calculating the average camera motion MTF for the experiment.
Also, graphical representations of the displacement path were examined.
This gave some insight into the physics of the situation. In some
cases, the temporal power spectrum of the motion was calculated
following the experiment, but we will defer discussion of this until
the next chapter.
This investigation was exploratory in nature as prior measurements
of camera motion were limited to Nagaswami's experiment, in which 10
measurements were collected at 20 millisecond intervals. Rather than
establish an arbitrary schedule of experiments, it was decided at the
beginning of the investigation to let the results of one experiment
guide the next. However, there was a general plan to proceed from
38
longer to shorter sampling intervals. A chronological list of the
eight experiments is given below:
Sampling
interval
(msec)
Duration of Camera
1. 15.6
2. 7.8
3. 2.6
4. 7.8
5. 0.5
6. 0.5
7. 4.0
8. 4.0
Experiment
( sec)~
998
500
166
500
weight
(grams)
300
300
300
600
Apparatus Redesigned
32
32
256
256
300
600
300
600
Number
of
Operators
19
24
24
33
30
23
24
30
Each experiment in this sequence was based on the results of the
previous one. The first experiment provided information over a period
of one second, much longer than any hand-held camera exposure. This
gave valuable insight into the "big picture" of the camera motion and
it was decided to try a weight comparison at half the initial sampling
interval. The results of the second experiment, run with a 300 gram
camera, confirmed that the motion had a strong deterministic component.
This was also suggested by the results of the first experiment.
Interesting features of this deterministic component were present in
about the first 50 milliseconds. To examine them, the existing
apparatus was modified to sample at 2.6 milliseconds and some data
collected. Many problems were encountered here and it was decided to
redesign and rebuild most of the apparatus. Before proceeding on the
redesign, the planned weight comparison at 7.8 milliseconds was
completed.
39
c
CD
3
8"
Sh
<M
P
rt
lo
s|
H*
o o
LO
CJ CJ C
LO
c~-
LO
cn
O
cn
O
cn
o
LO
o
LO
CJ
O
LO
CJ
O
IO
^r
O
LO
CJ
oo
o o OO
cn cn cn
CJ
on
CJ
cn
CJ
o
CJ
o
CM
o
o
*
LO
CJ
LO
CJ
o
LO
CJ
o
LO
CJ
O
O
LO
g
r-i
p
CO
rH
3
O
rH
8
Sh
o
<M
CO
Sh
CD
P>
CD
M
5
C
s
H
Sh
CD
CJ
CD
i-H
8
-P
C
CD
a
u
CD
D.
X
CD
C
CO
CO
p
g
o
0
CO
E
h a
r-i
CO
>
Sh
0
P
c
bO
C
-rH
CO
CO
0
B
Cm
0 O
p 0
X
Sh g
0 3
-P C -P i-H
x <\ a
3 0 E
JC JC > rtCO 4-5 H CO
CO CO CO CO
H224J
LO
CJ
Cm
O
>,
O
C
0
3
8"
E
rH
X
CO
o
-p
p
3
O
0
a
0
Sh
co
CO
g
rH
P
CO
rH
3
O
r-i
CO
o
a-*
o
LO
o
Cm
o
CO
rH
CO
0
.p
c
cn\
CM
21
CO P
Sh X
CD bO
if 0
O 3
31
-p
c
rH
Sh
0
a
o
oo
O
on
c^ LO LO VX3 v> VO
LO LO o
LO
O
>jO
O LO
CJ
LO
CJ
O
LO
CJ
OOOt t>- C-C CO
CJ CJ
OOvOOOOOLO
cjonmv^vocj
in on oo cn cn cn
LOLOOOLOLnOOO
* on on jo
oon^-ja-o^roncTN
ncjojojonojon.
bObObObObObObObO
oooooooo
onvjo cn cn vo on vo on
LOLOvOOOOOOOvO
........
C\J .=r =T f- C~- LO
lo vo on CO CM
40
The new apparatus provided reliable performance at short sampling
intervals and allowed the features to be investigated. This was done
with experiments run at 0.5 millisecond intervals for both camera
weights. In the final experiments, an additional weight comparison
intermediate between 0.5 and 7-8 milliseconds was run. Thus, during
the investigation, three sets of experiments were run with both
weights. These experiments provided information about the motion of
the camera over roughly 30, 250, and 500 milliseconds at intervals of
0.5, 4.0, and 7.8 milliseconds, respectively. The experimental
parameters are summarized in Table 2.
The camera motion was measured by having volunteers photograph a
pulsed LED array. The camera operators were students and staff in the
Photographic Science and Instrumentation program at R.I.T. They were
largely drawn from the 1980 courses PPHS 200, 210, 600, and the U.S.
Navy and Canadian Defence Forces program. They were predominantly, but
not exclusively, male between the ages of 18 and 30. Virtually
everyone had photographic experience or training. No effort was made
to keep the same set of operators for every experiment, although there
was considerable overlap.
All the experiments were performed with an Agfa "Optima 535
electronic" camera equipped with a f/2.8 40mm lens. This camera is
representative of the smaller, lighter 35mm cameras available for about
$100. The body of the camera has dimensions of 30mm x 70mm x 100mm
and the lens extends 25mm out of the body. The camera weighs 300 grams
when loaded. For the 600 gram experiments the weight was increased by
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adding 300 grams of lead to the camera bottom. This changed the camera
body dimensions to 30mm x 80mm x 100mm.
The LED array was photographed to collect the motion data under
conditions somewhat atypical of normal photography. In order to
trigger the LED array, wires had to be attached to the camera sync
jack. They were brought in from overhead to minimize operator
distraction. Also, the experiments required keeping the camera's
electromagnetic shutter open until the LEDs were through firing. The
shutter mechanism was altered so that after it opened, it remained that
way until the film was advanced. Using this shutter in room light
would fog the film, so operators photographed the LED array under green
safelights. Details of the LED array and how it was used to measure
the camera motion are given in the following section.
Measuring the Camera Motion
2
The pulsed LED array built by Hube provided a photographic record
of camera motion on the film loaded in the test camera. The idea
behind the apparatus is illustrated in Figures 7 and 8. The test
camera is loaded with a suitable film and a volunteer photographs the
array. The camera shutter triggers an "instantaneous" pulse of all the
LEDs. This provides a reference grid exposure on the film in the
camera, as shown at the top of Figure 7. The individual LEDs in the
array are then pulsed sequentially at an interval At and imaged onto
the film. Any camera motion will move this second LED image off the
42
Image of reference grid formed by
pulsing of all the LED's in the array
at time 0.
Ay
At time nAt the nth LED is pulsed
during the data flash. The camera
has been displaced by Ay. The image
of the LED is also displaced by Ay
from its grid point.
Figure 7 . Use of the LED array to measure camera
motion.
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Image of LED array. Larger dots
represent reference grid pulse.
Reference
grid point
Data point at time nAt.
Ay (nAt)
Ax (nAt)
Figure 8. The displacement between the reference
grid LED and the data LED indicates
the camera motion.
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initial reference grid image. This is shown at the bottom of Figure 7.
Figure 8 shows that the camera displacement from its initial position
to its position at time nAt can be measured on the processed film.
It is given by the displacement of the second image from the reference
grid image.
The apparatus consists of an 8 x 8 array of LEDs along with
control and driver circuitry. Although the original control circuitry
was replaced halfway through this investigation, the driver circuitry
was retained. The driver circuitry used row and column transistor
switches to close a current path through a single LED at any instant.
The anodes of all the LEDs in a column and the cathodes of all the
LEDs in a row were tied together. By turning one row and one column
transistor on, the LED at the intersection of the row and column was
fired. Another transistor between ground and the row transistors
controlled the pulse delay and width.
The original control circuitry used two binary counters that
addressed the row and column transistors through binary to decimal
converters. A row transistor would be turned on and the column
transistors would be incremented by one counter. The other counter
would then increment the row and the process would be repeated. Thus,
the LEDs were pulsed row by row. The speed at which the binary
counters incremented was controlled by two 555 timers, controlling the
reference grid and data pulse. The reference grid clock ran at 8 KHz,
requiring about 1/150 of a second to pulse all 64 LEDs. After this
sequence finished, the data pulse sequence began. This clock ran no
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faster than 300 Hz, limiting the sampling interval to about 3-4 msec.
A level sensitive monostable multivibrator circuit connected to the
camera shutter triggered the array.
The first four experiments were performed using the LED array and
control circuitry described above. The following range of adjustments
were possible:
Reference grid pulse At 110-800 usee
Data pulse At 4-50 msec
pulse delay 20 - 300 usee
pulse duration 20 -300 usee
The reference grid pulse At and the pulse duration were set to 110
and 300 microseconds, respectively. The resulting exposure difference
allowed the images of reference and data pulses to be easily
distinguished on the negative.
The first four experiments were hampered by random triggering of
the LED array and frequent breakdown of the control circuitry because
of poor workmanship. The desire for a more reliable instrument, a
wider range of sampling intervals, and more convenient operating
procedures led to the replacement of the control circuitry.
The new system was based on the APPLE
IIJ
microcomputer and had
three other components: A California Computer Systems parallel
interface card, some TTL circuitry designed and built by the author,
and software to run the hardware. The circuitry is shown in Figure 9.
It was designed and built to implement the logical instructions of
Table 3. The heart of the circuit is two 74LS138 3 to 8 line decoders,
one for the row transistors and one for the column transistors.
Sixteen exclusive or states were added using four 74LS86 ICs. This
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Figure 9. Hardware used in conjunction with CCS
parallel interface to operate LED
array. This circuit implements logic
given in Table 3.
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Table 3. Logic for the hardware illustrated in Figure 9. Hardware is
used in control of the LED array.
Input Output
CA2 PB6 PB5 PB4 RO R1 R2 R3 R4 R5 R6 R7
L X X X H H H H H H H H
H 0 0 0 H L L L L L L L
H 0 0 1 L H L L L L L L
H 0 1 0 L L H L L L L L
H 0 1 1 L L L H L L L L
H 1 0 0 L L L L H L L L
H 1 0 1 L L L L L H L L
H 1 1 0 L L L L L L H L
H 1 1 1 L L L L L L L H
Logic for the control of the row transistors. All inputs come
from the CCS parallel interface board. All outputs go to
transistor bases on the rows of the LED array. The High
state is on.
Input Output
PB2 PB1 PBO CO C1 C2 C3 C4 C5 C6 C7
LLLLLLLL
LHHHHHHH
HLHHHHHH
HHLHHHHH
HHHLHHHH
HHHHLHHH
HHHHHLHH
HHHHHHLH
HHHHHHHL
Logic for the control of the column transistors. All inputs
come from the CCS parallel interface board. All ouputs go to
transistor bases on the columns of the LED array. The Low
state is on.
L X X X
H 0 0 0
H 0 0 1
H 0 1 0
H 0 1 1
H 1 0 0
H 1 0 1
H 1 1 0
H 1 1 1
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allows firing all 64 LEDs simultaneously. The 74LS04 hex inverter is
used primarily to provide sufficient power to run all the TTL loads.
As shown in Table 3, control of the LED array required using a
control line and 6 bits of one port on the parallel interface. The
control line (CA2) was used to fire all the LEDs simultaneously. The
three lowest bits of the least significant nibble (PBO - PB2) and most
significant nibble (PB4 - PB6) were used to control the column and row
transistors of the driver circuitry, respectively.
The original driver circuitry was modified as follows:
1. The collector and emitter of the NPN transistor with
its base tied to the pulse width generator were
shorted.
2. The 6 ohm current limiting resistor was shorted.
3. Six ohms of resistance were added to each column
circuit.
This allows about 250 ma per LED when they are pulsed sequentially and
about 80 ma per LED when they are pulsed simultaneously.
The software to run the LED array consists of the BASIC program
and assembly language routine given in Appendix I. The BASIC program
requests timing parameters from the user interactively and then passes
control to the assembly language routine. The assembly language
routine, which was written by John D. Westbrook, checks for the shutter
to open and then pulses the LEDs simultaneously via control line CA2.
This provides the reference grid. The LEDs are then pulsed
sequentially using the timing parameters. This is done by sending out
data through the interface at appropriate intervals.
The new control scheme is more reliable and more versatile than
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the previous scheme. In the previous circuitry, the reference grid
pulse was done sequentially; here all 64 LEDs are flashed
simultaneously. The LED "on time" for the reference and the data pulse
and the LED "off time" between data pulses are conveniently controlled
from the keyboard. These three parameters can be independently varied
from 29 microseconds to 169 milliseconds with the existing software.
Software could easily be written to sample at unequal intervals or
using any other exotic scheme. The hardware allows three conditions:
all LEDs on, all LEDs off, any individual LED on with all others off.
(The second condition is supported by addressing the LED in column 1 ,
row 1 , which is dead. )
The LED array was photographed at a distance of 3.5 meters. This
distance was fixed by the method of data reduction. The photographs of
the LED array were projected at 38x onto a digitizing tablet with an
active area of 10.5 inches by 10.5 inches. This fixed the taking
magnification at about 0.0125. To achieve this magnification, the 40
mm camera lens required an object distance of 3.5 meters. At these
conjugates, the diameter of the LED image was predicted to be 57 um,
implying that the maximum spatial frequency measurable by the system
was 15 to 20 .
Kodak Panatomic-X was the film used. The LEDs have a peak
2
wavelength of 585 nm. The exposure at the film plane in ergs/cm is
approximately:
50
(21) E(ergs/cm2) = I it t .01 = I t K
4V585680N2Ao f Ao
where: I is the intensity in mcd.
t is the pulse duration in usee.
V55 is the CLE. response at 585 nm.
N is the f-number of the taking lens.
2
A is the area of the LED in cm .
K = 1.155 x 10"5.
Assuming the LED intensity rises linearly with current, calculations
showed that Kodak Tri-X pan film was an appropriate film to use in the
camera. In fact, experiments showed that Kodak Panatomic-X was a much
better choice, the Tri-X being quite over-exposed. Available
radiometry equipment produced widely varying and unrepeatable results
when used to measure the output of the LEDs. The discrepancy was never
resolved and Kodak Panatomic-X film was used in all eight experiments.
Over 200 measurements of camera motion were obtained by
photographing the LED array. Each measurement consists of 64
displacements in both x and y directions. This means over 25,000
individual displacements had to be measured from photographic
negatives, which is not a trivial task. The methods used to
efficiently reduce the photographic records to machine-readable form
are described in the next section.
51
Digitizing Motion Data
Before starting the actual experiments, a rapid and accurate
method of reducing the motion data collected by photographing the LED
array was developed. Figure 10 shows how this was done. The negatives
were projected at high magnification onto a digitizing tablet. As the
operator digitized the ordered pairs representing reference and
displaced LED images, software resident in the microcomputer calculated
the vector displacement between them. After a frame was digitized, the
displacement data was automatically stored on tape cassette along with
identification data. The cassette tape data was available for later
analysis.
The projection system consisted of a Simmon Omega B22XL enlarger
equipped with a 25mm Cine Ektar lens. It was capable of magnification
up to 38x. The digitizing tablet is manufactured by Talos Systems and
sold as the "dig-kit-izer" . The digitizer is of the stylus type and
has an active area of 10.5 inches square with 0.005 inch resolution.
When digitizing negatives the stylus was present in the light path and
cast a shadow over the points being digitized. This problem was solved
by bonding graph paper to the active area of the digitizing tablet and
providing a small light with foot switch. The operator fixated on the
position of the LED image on the graph paper. He then activated the
light via the foot switch and digitized the point corresponding to the
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1 Photographic negative
of LED array.
Microcomputer
Tape storage
Figure 10. Equipment used to reduce image of LED
array to machine readable displacement
values.
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remembered position.
The interactive software resident in the microcomputer performs
four major tasks:
1. Calculates the magnification of the projection system.
2. Calculates the vector displacement between reference
grid LED images and the displaced LED images.
3. Allows easy correction of any errors in digitizing LED
images.
4. Automatically stores the data with identification on
tape after the entire frame is digitized.
Magnification was calculated from two cross-hairs etched into a
piece of film with a razor blade. The distance between them was
measured with a measuring microscope. The operator digitized the two
points, and the computer calculated the magnification. This could be
done anytime by selecting a menu option.
The displacement of the LED images was calculated in the
orthogonal directions given by the rows and columns of the LED array.
Figure 1 1 shows the geometry of the situation. The unit vectors e and
e define the coordinate axes of the digitizing tablet. The image of
the LED array was projected onto the tablet. In general, the axes
formed by the corner LEDs of the reference grid exposure are misaligned
with the axes of the digitizer tablet. The unit vectors r and r are
x y
defined based on the three corner LEDs as shown in Figure 11. The
position of these LEDs is given by the three ordered pairs (Xa, Ya),
(X^ Yb), (Xc, Yc). By definition
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Figure 11. Geometry of digitizing tablet & image
of LED array, used in development of
Equation (25) and Equation (26).
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( X. - X )e + ( Y. - Y )e
(22) F = x b c >
V<Xb-*c>2+<
( X - X. )e + ( Y - Y. )I
(23) r = a b x
v
a b ' y
V(Xa-Xb)2
+
The position of an arbitrary reference grid point is given by
(X0,YQ). The position of the displaced LED image is given by
(X1 ). The vector displacement between the two images is:
W ro = ( X'0 - XQ ) ex + ( Y'o - YQ ) ey
The dot product of r with r or r gives the displacement between the
two images in those directions, since r and r are unit vectors.x y
Hence, the software calculates AX and AY by the following equations.
(25A}Y (x'o-V^b-V + ^'o-V^b-V
Li A
.__^ ___^
V( Xh-X)2+( Yh-Y )2
(26) (X,o-Xo)(Xa-Xb) + (Y,o-Yo)(Ya-Yb)
AY =
V( Xh-Xp)2+( Y.-Y )2
When the operator requested the option of digitizing a frame, the
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software first gets frame identification and then requests the operator
to digitize the three corner points A, B, and C. Each point in the
reference grid and its corresponding displaced image are digitized in
the order the LEDs were fired during the sequential exposure. The
displacements, AX andAY, are calculated for each of the 64 pairs using
Equations (25) and (26) and then corrected for the projection system
magnification.
Before the displacement path data is stored on tape, the operator
has the option via a menu request to correct any pair of LED images in
which an error was made. The data is then stored on cassette tape. A
simple relay circuit was built that turns the remote tape recorder
switch on or off under software control, as required.
A listing of the this data reduction software is given in Appendix
II.
Figure 12 compares total displacement data measured with a
measuring microscope and the digitizer setup. It was difficult to
measure orthogonal displacements on the microscope, so total radial
displacement between the reference and displaced image was compared for
the two methods. In the figure, the mean total displacement from 3
independent digitizings of the frame is compared with the microscope
data. On the average, the digitized data was 1% higher than the
microscope data. The average standard deviation between the 3
digitizings was 7-7 um in the x (horizontal) direction and 8.3 um in
the y direction.
This semi-automatic method of converting the photographic
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negatives of the LED array exposures to displacements in
machine-readable form provided a large time savings over manual
methods. For example, the displacements read with the measuring
microscope required 4.5 man-hours. It took 0.25 man-hour, an
eighteen-fold improvement, on the digitizer. The digitizing equipment
was used to reduce approximately 27,000 data points during the course
of the investigation. Two frames of data, about % of the total
collected, was unrecoverable from tape. This was certainly an
acceptable level of reliabilty given the time advantage and quality of
the data reduction. Furthermore, sidestepping the tedious chore of
keypunching data eliminated a source of error. The machine-readable
tapes generated were used by the analysis software.
Software for Data Analysis
Initially, two types of analysis were done on the digitized motion
data. The first type of analysis was simply to look at graphical
representations of each measurement of the displacement path. This
examination was necessary in order to understand the nature of the
motion and provided insight into what experiment might usefully be
performed next. However, the software is trivial and is not discussed
here. The second type of analysis was calculation of the camera motion
MTF.
The average MTF due to camera motion was calculated using the
three approximations developed earlier. The computational formulas
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used are summarized in Table 1 , at the end of Chapter III. In two of
the formulas, an integral is approximated by a summation. In the
third, a power series expansion is used. The terms in the power series
are moments of the motion. In the case of the two summation
approximations, the table also gives formulas for calculating the
variance in MTF between the measurements in an experiment. It was
calculated by the program in these cases. The program runs on the same
microcomputer used to control the LED array and digitize the data. A
listing is given in Appendix III.
The program requires the following input: the number of
measurements stored on the data tape, the sampling interval, the
various shutter times for which calculations are to be reported, and
the maximum spatial frequency of interest. Then, the motion data from
all the measurements in the experiment are read from the digitizer
tapes and stored in the main memory.
The program first calculates the average MTF using the moments
approximation. The first and second moments are calculated for each of
the requested shutter times and printed out. These two moments are
calculated separately in both x and y direction and the MTF is
calculated from them. The MTF is calculated at 32 equal log spatial
frequency intervals out to the maximum spatial frequency of interest,
which was 25
mm"1in this investigation. Equal log intervals were
chosen to aid in later calculations. The MTF data is then plotted in
both directions for each requested shutter time. The moments
information is later stored on cassette tape.
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After the calculation of MTF by the moments approximation, the
code implements the two summation approximations. These summations are
not Discrete Fourier Transforms and the Fast Fourier Transform
algorithim cannot be used. The program was designed to minimize the
computation time for the two summations. They are computed
concurrently because the formulas are identical in some respects.
Also, the MTF for the various requested shutter times are calculated in
order, from shortest to longest with intermediate results of the
summation being saved. The program calculates both the mean and
variance of the MTF at 32 frequencies using equal log frequency
intervals. The mean MTF curves are plotted with +1 standard deviation
limits. The mean MTF and the variance in MTF are stored on tape.
Despite the efforts to minimize computation time, calculation of
average MTF from 30 measurements took about 12 hours. Early on, no
hard copy device was available that could be interfaced to the
microcomputer. A software controlled relay was used with a motor
driven camera to automatically photographed the CRT screen when
important data was printed or plotted during the course of
computations. This feature was quite valuable because the analysis
could be performed overnight.
The program was tested with constant velocity motion data. The
program results are compared with the theoretical sine function MTF in
Figures 13, 14, and 15. The variance calculation was tested by using
two different velocities. Close examination of this data showed
agreement of better than 1 part in 10,000 with the theoretical MTF and
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Figure 13. Comparison of theoretical MTF for
linear smear and MTF calculated using
analysis program. Discontinuous motion
assumed between sample points.
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Figure 14. Comparison of theoretical MTF for
linear smear and MTF calculated using
analysis program. Constant velocity
assumed between sample points.
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Figure 15. Comparison of theoretical MTF and MTF
calculated using analysis program for
linear motion. Moments approximation
used.
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variance for the two summation approximations.
The camera motion MTF calculated by this program was one of the
basic response variables used in this investigation. In the next
chapter, it is used to show how weight induced changes in camera motion
affect the image quality of the system.
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V. Results
Introduction
In this chapter, the experimental data is used to test the
hypothesis that camera weight influences camera motion enough to affect
system image quality. As described in the last chapter, data was
collected showing how the weight of the camera affects its motion. The
data consists of 207 measurements of the camera displacement path,
spread over eight experiments. The instrumentation allowed each
measurement to contain 64 samples of the camera position at equal time
intervals. This interval was varied between the experiments. The
experiments were run with camera weights of 300 and 600 grams. Thus,
the collected displacement path data allowed easy comparison of the
camera motion for two weights over several time periods.
For each experiment, the average MTF associated with camera motion
during operation of a perfectly efficient shutter was calculated for
several shutter times. These calculations used the displacement path
data collected in the experiment. The chosen shutter time and the
sampling interval used determined how many samples of the motion enter
into the calculation for a given measurement. Thus, the series of
experiments also allowed comparison of the MTF caused by camera motion
for two camera weights over a wide range of shutter times.
Together, the displacement path and MTF results show that the
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motion of the camera is damped by increasing weight and that this, in
turn, improves the system image quality for some shutter times.
In this chapter, the measured camera motion and calculated MTF
curves for a typical experiment are first presented. During this
presentation, many important observations are given. Next, the effect
of camera weight on the camera motion is presented by comparing motion
data gathered from experiments performed at different weights. It is
then shown that these changes in camera motion significantly affect the
image quality for some shutter times. This is done by calculating
Subjective Quality Factor as a function of shutter time from the
camera motion MTF data. The image quality analysis is then extended to
include interactions between camera motion, camera weight, and
inefficient shutters. Finally, a simple mechanical model for the
camera motion is discussed.
A Typical Experiment
The results of the last experiment are typical of the
investigation. This experiment is one of the pair performed at the
intermediate sampling interval of 4.0 milliseconds (see Table 2 in
Chapter IV). Using the procedures described in the last chapter, 30
volunteers photographed the LED array with the Agfa "Optima 535
electronic" camera. The camera was weighted to 600 grams and the LED
array software sampled the camera motion at 4.0 millisecond intervals
over about i second. The motion data recorded on the film for each
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operator was then digitized and reduced, using methods also described
earlier.
The motion data itself was analyzed in two ways. Initially,
individual measurements from the experiment were plotted on the CRT and
simply examined. Then, the average displacement for the operators in
the experiment was plotted. The plots for the individual measurements
in this experiment are not reproduced here because of space
restrictions, but the average displacement path is presented in Figure
16.
Figure 16 shows the average displacement path of the camera in
both directions for this particular experiment. There is little
movement from the initial position for the first 50 milliseconds.
Between 50 and 200 milliseconds, the motion is dominated by constant
velocity smear. At this point, the direction of the motion changes and
the camera moves back towards its initial position. This behavior was
typical of the average motion in all the experiments performed and was
seen in many individual measurements. It is reflected in the
calculated MTF curves, which drop rapidly after 50 millisecond shutter
times.
MTF curves were calculated separately in the x and y direction.
It was shown in Chapter III that the two-dimensional camera motion MTF
is given by the product of the x and y direction MTFs. Three different
formulas, all developed under the assumption of a perfectly efficient
shutter, were used to calculate MTF for effective shutter times of 15,
30, 60, 125, and 250 milliseconds. (In general, these shutter times
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Figure 16. Average displacement in x and y
direction for 600 gram camera during
first 250 milliseconds. This data is
from experiment 8.
70
depend on the sampling interval used in the particular experiment. )
Two of the formulas involved approximating an integral by summations.
They were developed under different assumptions about the motion and
involve different amounts of computation. The results calculated from
the two formulas will now be compared.
In Figures 17 and 18, the average MTF was calculated using the
first formula given in Table 1 of Chapter III. This formula was
developed under the assumption of discontinuous motion between sampled
points on the displacement path. The figure indicates little effect on
the low frequency MTF for shutter times less than 60 milliseconds.
However, between 60 and 250 milliseconds, it drops rapidly. At higher
frequencies, the MTF drops off quicker, with the largest changes
occuring between 30 and 125 milliseconds. The behavior of the MTF
curves correlates reasonably well with the average displacement path
presented in Figure 16.
The average camera motion MTF was also calculated under the
assumption of constant velocity between sampled points on the
displacement path. The formula used here, which requires more
computation, is also given in Table 1 of Chapter III. The MTF curves
are given in Figures 19 and 20. Close comparison of these MTF results
with those obtained under the assumption of discontinuous motion
revealed small differences. Although the shape of the curves
calculated using the two formulas are identical, the results calculated
using the assumption of constant velocity are always slightly higher.
This is most noticeable for short shutter times, probably because
71
M
T
F
0 .3 .6 1.0 1.3 1.6
LOG10 SPATIAL FREQUENCY (MMa-1)
Figure 17. Average MTF for experiment 8 in the x
direction calculated using the
assumption of discontinuous motion
between samples. Shutter time in msec
is the parameter.
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Figure 18. Average MTF for experiment 8 in the y
direction calculated using the
assumption of discontinuous motion
between samples. Shutter time in msec
is the parameter.
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Figure 19. Average MTF for experiment 8 in the x
direction calculated using the
assumption of constant velocity
between samples. Shutter time in msec
is the parameter.
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Figure 20. Average MTF for experiment 8 in the y
direction calculated using the
assumption of constant velocity
between samples. Shutter time in msec
is the parameter.
75
relatively few samples of each motion measurement enter into the
calculation. In this experiment, the maximum difference occured between
the x-direction MTF curves calculated for a 15 millisecond shutter
time. The difference was 0.05 at 20 mm"1. There was virtually no
_1
difference below 10 mm under any condition.
Discontinuous motion does not occur in nature. Therefore, the
assumption of constant velocity between sampled points on the
displacement path must better describe the actual motion than the
assumption of discontinuous motion. The differences in average MTF
between the two formulas are significant, compared with the variance in
MTF, for the 15 and 30 millisecond shutter times. Because the MTF
results can differ significantly, the formula developed under the
assumption of constant velocity is preferred, despite the additional
computation required.
The variance in MTF was calculated under both assumptions; the
formulas are given in Table 1 of Chapter III. A detailed treatment of
the variance in both the camera displacement path and the MTF is given
in Appendix IV. It is shown that the variance in MTF is larger under
the assumption of constant velocity. Also, a Monte Carlo simulation
showed that the precision of the data collection procedures does not
affect the calculated MTF significantly.
The camera motion MTF was also calculated using the third formula
given in Chapter III. This formula is based on a power series
expansion of the integral in the moments of the displacement path,
whereas the other two formulas used summation approximations. The MTF
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curves calculated using the moments approximation are given in Figures
21 and 22. These curves agree with the other calculations reasonably
well for MTF values above 0.80. At lower modulation values, they are
not very useful. This was not unexpected because the power series
expansion was truncated after the second order term. A better fit can
be obtained using higher moments, but the point here was to see whether
the variance of the motion alone was an adequate predictor of the MTF
due to camera motion. Nevertheless, this approximation is quite
valuable because the MTF can be computed quickly.
These results were typical of the experiments performed during the
investigation. The results for the other seven experiments are given
in Appendix V. Using these results, the effect of weight on camera
motion and the resulting effect on image quality was determined. This
is described in the following section.
Effect of Camera Weight on Camera Motion
The displacement paths measured in the other experiments were
similar in shape to that presented in Figure 16 for the typical
experiment. However, the magnitude of the displacement was smaller in
the 600 gram camera experiments than in the 300 gram camera
experiments. This can be seen from the average x and y displacement
paths given in Appendix V, but a more dramatic illustration is given in
Figures 23, 24, and 25. In these figures, the average total
( >/x2 +
y2 ) displacement of the camera is plotted as a function of
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Figure 21. Average MTF for experiment 8 in the x
direction calculated using the moments
approximation. Shutter time in msec is
the parameter.
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Figure 22. Average MTF for experiment 8 in the y
direction calculated using the moments
approximation. Shutter time in msec is
the parameter.
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Figure 23. Average total displacement for 300
gram and 600 gram camera during first
30 milliseconds. This data is from
experiments 5 and 6.
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Figure 24. Average total displacement for 300
gram and 600 gram camera during first
250 milliseconds. This data is from
experiments 7 and 8.
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Figure 25. Average total displacement for 300
gram and 600 gram camera during first
500 milliseconds. This data is from
experiments 2 and 4.
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time for 300 and 600 gram camera weights. The data indicates small
differences in camera displacement between the two weights for about 30
milliseconds. However, after 30 milliseconds, the heavier camera shows
less departure from the initial position.
This behavior is reflected in the MTF results given in Appendix V.
The MTF curves are always higher for a given shutter time with the 600
gram camera weight. The impact of the MTF differences between the
weights on the quality of photographs produced is discussed in the next
section.
The Effect of Weight-dependent Motion on Image Quality
The OTF and the MTF are generally recognized as the most complete
descriptions of an imaging system. However, these transfer functions
do not give specific information about how observers perceive "quality"
in the final photograph. One measure that does is the Subjective
Quality Factor (SQF) defined by Granger and Cupery . It is a MTF
derived quantity that correlates well with subjective impressions of
"overall quality" in grain-free photographs. SQF was used in this
investigation to evaluate how significant the MTF differences between
camera weights actually are.
SQF is based on a two stage model for human vision discussed by
Granger*. He has pointed out that the MTF of the eye, as shown in
Figure 26, can be explained by hypothesizing spatial detectors that
work by differentiation. At low spatial frequencies, the eye MTF
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Figure 26. The MTF of human vision and the
rectangular approximation used in SQF.
(Reproduced from Reference 4.)
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increases linearly with frequency, suggesting multiplication by a j2 7rf
term, which corresponds to differentiation in the space domain. The
size of the receptors fixes a limiting resolution that causes the fall
in MTF at high frequencies. These two considerations explain the
bandpass nature of the eye MTF. However, calculations using the eye
MTF fail to properly predict how objects are actually perceived. The
differences can be explained by postulating a spatial integration
process following the differentiation.
Calculation of SQF is based on this model. The system transfer
function is first cascaded with the eye MTF and then integrated over
frequency with a 1/f weighting. The bandpass nature of the eye MTF
allow it to be replaced by the rectangle extending from 3 cycles/degree
to 12 cycles/degree also shown in Figure 26. Integrating with respect
to log frequency is a convenient way to provide 1/f weighting, as
d (In f) = p This 1/f weighting in the frequency domain implies
integration in the space domain, which is required by the second stage
of the vision model.
Calculation of SQF is made more convenient by standardizing on a
34 cm viewing distance. This places the center of the SQF band at 1
mm-1
on the photograph. Assuming the printing process has no effect on
the image quality, the integration limits corresponding to 3
cycles/degree and 12 cycles/degree are 0.5m and 2m . The
parameter m is the enlarger magnification. Equation (27) gives the SQF
of the taking system when the negative is enlarged m times in making
the final print.
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log(2m) 27T
(27) SQF = K J J T(log f, 0)d0d(log f)
log(.5m) 0
where: T(log f, 0 ) is the two dimensional system transfer
function in polar coordinates.
m is the printing magnification.
K is defined to make the SQF = 1 when the
transfer function is unity.
Equation (27) defines the SQF for a system with a two-dimensional
transfer function. The integration over angle is required for transfer
functions, such as that due to camera motion, which are
azimuth-dependent. The camera motion transfer function is separable in
the spatial frequency terms u and v, where u = f cos ( 0 ) and v = f
sin ( 0). The SQF is given by Equation (28).
log(2m) 27T
(28) SQF = K f f MTFsys(log f, 0) MTFx(log(f cos0))
log(.5m) 0
MTF log(f sin0) d0 d(log f)
where: MTF is the system MTF, excluding the camera
sys
motion.
MTF , MTF is the MTF in the x, y direction due tox'
y camera motion.
If the system MTF has circular symmetry, the integration over
angle can be taken between 0 and 7T/2. This is because the MTF due to
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camera motion is known to be an even function. The value of the
constant K must be changed accordingly. Under this assumption, the SQF
of a system with camera motion can be calculated from sampled
experimental data using the summation in Equation (29) below.
N *2
(29) SQF = K E E T^J jAlog f]
i=1 j=M1
Tx |log jfcos(iA0) Jl Ty flog|fsin(i A 0) j |A0Alogf
where: K = [N(M2 - M^A0 A log f
]~1
A0 = 7T/2N, is the angle increment.
Alog f is the log spatial frequency increment.
M1 is log(.5 x magnification)/A log f.
ML is log(2 x magnification) /A log f.
In this investigation, SQF was calculated from the camera motion
MTF data using Equation (29), under the assumption that the system
transfer function is flat between 0 and 16 . This is a reasonable
assumption for a $100 35 mm camera used with a medium speed film. The
program used is given in Appendix VI. The mean MTF values calculated
under the assumption of constant velocity between samples were used in
the calculations. Therefore, the SQF must be interpreted under the
assumptions used in the development of Equation (13). The most
important of these is the perfectly efficient shutter.
The SQF was calculated for projection system magnifications of
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3.5x and 8x. The first magnification corresponds roughly to making a
3 2 in. x 5 in. print from a 35mm frame. This is typical of prints
received from a photofinisher. The 8x magnification corresponds to an
8 in. x 10 in. print, which is probably the largest a consumer would
expect "excellent" quality from using an inexpensive 35mm camera.
For each experiment, SQF was calculated at the same 5 shutter
times the MTF due to camera motion was calculated. In several cases,
MTF was calculated at the same shutter time in two or more experiments.
In these cases, the SQF at the common shutter time was determined by
weighting the SQFs calculated from each experiment. The weighting
factors were based on the total number of points summed in calculating
the MTF. This is given by the product of the number of measurements
and the shutter time, divided by the sampling interval.
Tables 4 and 5 summarize the SQF calculations for the 300 and 600
gram camera. The results show that the 600 gram camera had higher
values of SQF than the 300 gram camera at both projection system
magnifications. SQF is linear with shutter time between 0 and 250
milliseconds; the slope of the regression line depends on the camera
weight. Table 6 gives the linear regression of SQF on shutter times
less than 250 milliseconds for the four cases. The heavier camera has
a higher SQF at all shutter times. At both projection system
magnifications, the SQF of the 600 gram camera falls at about 75% the
rate of the 300 gram camera. Note that the correlation coefficient is
greater than 0.96 in all cases. The regression lines are plotted in
Figures 27 and 28.
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Table 4. Weighted average SQF for 300 g. camera at different shutter
times.
M is the number of measurements in an experiment.
N is T/ At.
Shutter
Time in msec
Experiment
Number MN
SQF0
3.5x
Weighted
Average
SQF@
8x
Weighted
Average
5 5 300 .96 .96 1.00 1.00
10 5 600 .94 .94 .98 .98
13 3 120 .93 .93 .99 .99
15
15
5
7
900
72
.86
.94 .86
.94
.99 .94
20 5 1200 .90 .90 .88 .88
26 3 240 .89 .89 .88 .88
30
30
30
2
5
7
72
1800
168
.96
.86
.89 .87
1.00
.79
.88 .80
50 3 456 .86 .86 .82 .82
60
60
60
1
2
7
57
168
360
.94
.80
.76 .83
1.00
.70
.63 .69
100 3 912 .74 .74 .62 .62
125
125
125
1
2
7
152
384
744
.67
.58
.52 .56
.56
.43
.37 .41
150 3 1368 .62 .62 .49 .49
250
250
250
1
2
7
304
768
1488
.55
.39
.36 .39
.40
.26
.22 .25
450 2 1368 .29 .29 .17 .17
500 1 608 .41 .41 .27 .27
982 1 1197 30 .30 .19 .19
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Table 5. Weighted average SQF for 600 g. camera at different shutter
times.
M is the number of measurements in an experiment.
N is T/ At.
Shutter
Time in msec
Experiment
Number MN
SQF@
3.5x
Weighted
Average
SQF
8x
Weighted
Average
5 6 230 .95 .95 1.00 1.00
10 6 460 .94 .94 .99 .99
15
15
6
8
690
90
.89
.96 .90
.94
1.0 .95
20 6 920 .90 .90 .89 .89
30
30
30
4
6
8
99
1380
i860
.95
.87
.93 .91
1.0
.80
.98 .91
60
60
4
8
231
450
.85
.89 .88
.80
.86 .84
125
125
4
8
528
930
.71
.76 .74
.58
.65 .63
250
250
4
8
1056
1860
.53
.54 .54
.39
.39 .39
450 4 1881 .36 .36 .24 .24
Table 6. Regression of SQF data on the model:
SQF = bQ + b.jT , 0<T<.25.
T is the shutter time in seconds.
r is the correlation coefficient.
SQF at 3.5x Magnification
90
300 g. camera
600 g. camera
o
.948
.950
1
-2.316
-1.631
r
.977
.993
SQF at 8x Magnification
bo b1 r
300 g. camera .961 -3.210 .961
600 g. camera .984 -2.470 .990
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Figure 27. Linear regression of SQF at 3.5x
magnification on shutter time for both
camera weights. Flat transfer
functions for film and optics assumed.
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Figure 28. Linear regression of SQF at 8x
magnification on shutter time for both
camera weights. Flat transfer
functions for film and optics assumed.
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The SQF data suggests that prints up to 8 in. x 10 in. from either
camera will be judged acceptable for shutter times less than 1/30
second. The lighter camera has a SQF 0.05 lower than the heavier camera
at shutter times of 47 and 36 milliseconds for 3.5x and 8x projection
systems, respectively. Therefore, photographs from the heavier camera
may be slightly better. However, the SQF values are 0.8 or greater in
all cases. This generally indicates acceptable quality.
Based on image quality criteria, the 600 gram camera is preferable
to the 300 gram camera, but the differences are small. The 600 gram
camera undergoes less motion and yields higher SQF values for all
shutter times. The differences are insignificant for effective shutter
times less than 1/30 of a second. Although either camera produces
acceptable photographs for shutter times of 1/30 second, photographs
from the heavier camera will be judged better. The performance of the
lighter camera degrades rapidly for shutter times longer than 1/30
second.
These results hold only for a shutter that is perfectly efficient
at all shutter times. The next section reports on interactions between
inefficient shutters and the camera motion changes due to camera
weight.
Consideration of Inefficient Shutters
The effect of inefficient shutters on image quality was
investigated because such shutters offer many design and manufacturing
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advantages. Also, Plummer has claimed that inefficient shutters yield
better transfer functions than efficient shutters. As indicated in
Equations (11a,b,c), inefficient shutter and camera motion effects on
the system transfer function cannot be separated. Since the camera
motion data was available, it seemed appropriate to calculate transfer
functions for systems that included inefficient shutters.
Simple models for the shutter and Optical Transfer Function were
used in the analysis. At any instant, the shutter was modeled as the
separable product of two rect functions rather than a circularly
symmetric "cylinder" or "top hat" function. It was assumed that
defocus overwhelmed any other aberration or diffraction effect.
Therefore, the point spread function was taken as the geometrical blur
image of the shutter, i.e. a blur square on the film. Hence the OTF at
any instant is given by a two dimensional sine function rather than a
Bessel function. This eased computation significantly.
The system transfer function was calculated by approximating
Equation (11c). The film MTF was assumed flat and the integral was
approximated with a simple summation. Spatial frequency in the x
direction was held at zero and frequency in the y direction was allowed
to vary. The computer program is listed in Appendix VII. Camera
motion data at 4.0 millisecond intervals for both camera weights was
used in the calculations. It was taken from Experiments 7 and 8.
Three different shutters with effective shutter times of 30
milliseconds were analyzed. The shutter functions are shown in Figures
29, 30, and 31. Figure 29 illustrates a perfectly efficient shutter.
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Figure 29. Shutter function for shutter A. This
is a perfectly efficient shutter with
effective shutter time of 30
milliseconds.
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Figure 30. Shutter function for shutter B. This
is an inefficient shutter that begins
closing the instant it reaches maximum
aperture. Effective shutter time is
30 milliseconds.
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Figure 31. Shutter function for shutter C. This
is a "slow-opening" shutter with
effective shutter time of 30
milliseconds.
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In Figure 30, the shutter just opens to its maximum aperture when it
begins to close. The last shutter modeled is a "slow-opening" type.
In Figure 31, the linear dimension of the shutter increases at a
constant rate and the area increases as a quadratic. In all three
cases, the maximum opening of the shutter was assumed to correspond to
a blur square having dimensions of 10 um x 10 um in the image plane.
The efficient shutter produced higher transfer functions than the
inefficient shutters. The MTF curves are presented in Figures 32 and
33 for the 300 gram and 600 gram camera, respectively. The
slow-opening shutter ( shutter "C" ) yielded the worst MTF at both
camera weights. This is because most of the power is transmitted by
this shutter when the camera is moving the fastest. This can be seen
from Figure 16. The inefficient shutters performed much worse in the
300 gram camera than in the 600 gram camera. The difference is
particularly noticeable with shutter
"B" ( see Figure 30 ). At 10
, the MTF is 0.20 higher with the heavier camera.
This is really a worst case analysis for the inefficient shutters.
The 30 millisecond effective shutter time insures the efficient shutter
will be closed before the camera starts to move rapidly, while the
inefficent shutters will still be open. However, to some extent, this
is true for all shutter times greater than 10 milliseconds. The
slow-opening shutter, with its large opening during the last 1/3 of its
open time, will certainly perform badly at all shutter times longer
than 15 milliseconds. The other inefficient shutter will perform
better, but it seems especially sensitive to the effects of camera
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LOG10 SPATIAL FREQUENCY
Figure 32. MTF of system with camera motion using
shutters A, B, and C. Camera weight
is 300 grams.
100
.3 .6 1.0 1.3 1.6
LOG10 SPATIAL FREQUENCY
Figure 33. MTF of system with camera motion using
shutters A, B, and C. Camera weight
is 600 grams.
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weight.
This ends the discussion of image quality. Some preliminary work
was done in this investigation to identify a physical model for the
camera motion. This will now be reported.
Observations on a Model for Camera Motion
Examination of individual measurements from the experiments with
longer sampling intervals revealed a distinctive type of camera motion.
In these measurements, the motion could be divided into three regions.
Between 0 and about 30 milliseconds, the distance in either the x or y
direction was less than about 20 um and no trends were apparent.
Between 30 and 200 milliseconds the x and y motion are linear with
time. The y component of the motion is almost always downwards while
the x component direction varies. At about 200 milliseconds the
direction of the motion changes. After another 100 - 200 milliseconds
the camera is near its original position.
The averaged displacement data had the same distinctive shape in
the y direction. Figure 34 shows the average motion in the y direction
for Experiments number 1 and 2. The same three regions appear in the
averaged data that were observed in individual measurements. Figure 35
shows similar data for the x direction. Here the issue is confused
somewhat, as one experiment shows the distinctive shape and one does
not.
The nature of the motion suggests the impulse response of a second
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100 200 300 400 500
TIME (MSEC)
Figure 34. Average displacement in y-direction
for experiment 1 ( At=15.6 msec) and
experiment 2 ( At=7.8 msec).
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TIME (MSEC)
Figure 35. Average displacement in x-direction
for experiment 1 ( At=15.6 msec) and
experiment 2 ( At=7.8 msec).
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order system. The impulse is the force applied to the shutter button
at the instant the picture is taken. The response is better defined in
the y direction because the force is applied in that direction. The
direction and magnitude of the motion's x component are more affected
by the forces applied by the operator in holding the camera. The
second-order system hypothesis is appealing because it is easy to
postulate the muscles in the hands and arms being springs, damped by
the weight of the camera. The effect of more weight is simply to damp
out the displacement path, which was observed earlier in this chapter.
The temporal power spectrum of the displacement path was
calculated in the x and y directions for many of the experiments. At
one time, it was planned to use these measurements to predict the
temporal transfer function of the mechanical system supporting the
camera. This analysis was based on the assumption that the nervous
impulses in the arms are of a white noise nature. When the large
deterministic components of the displacement path were discovered, this
analysis was abandoned but the temporal power spectrum was still
calculated. The techniques used are described in Appendix VIII.
Under the assumption that the camera receives an impulse when the
shutter is opened, the temporal power spectrum still has an interesting
interpretation.
The temporal power spectrum in the y direction for a 300 gram
camera is given in Figure 36. The power spectrum calculated from three
experiments are superimposed. At lower frequencies the power spectrum
from each experiment is linear with a slope of -4 in the log-log plot.
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Figure 36. Temporal power spectrum of y-direction
displacements for 300 gram camera.
Data from experiments 2, 5, and 7.
Dimensions of y-axis are um /Hz.
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After this region ends, there is a region of zero slope that extends to
the Nyquist frequency. This can be seen by examining Figure 37. A
reference line with a slope of -4 has been added to facilitate
comparisons. The linear region with slope of -4 is consistent with the
hypothesis that an impulse is applied to the system when the camera
shutter is triggered. No speculations are offered to explain the flat
"tails" on the spectra.
The power spectrum decaying by a j, law is a statement of Newton's
r
law, F = ma, provided the force applied is an impulse. Newton's law
and its transform are given in Equation (30) and (3D, respectively.
If the force is an impulse, it has a flat spectrum, and Equation (32)
results for the power spectrum. The constant K incorporates the
magnitude of the force and the (27r) term.
(30) d2y(t) _ fCO
dt2
(3D (j2 7Tf)2Y(f) =^F(f)
(32) |Y(f) 2
K
m2f4
m i
Equation (32) predicts a linear plot of log power against log
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frequency with a slope of -4. This was observed for low frequency
terms in each experiment. Equation (32) also predicts that the power
spectrum curves should translate vertically by -.60 as the camera mass
doubles. This was not observed. Close examination of tabulated data
indicated the power spectrum for the 600 gram camera was between 0.15
and 0.45 log units lower than the 300 gram camera at the same
frequency. A change as large as 0.60 was not observed in any
experiment. The confidence intervals on the power spectrum are large
compared to the changes in the power spectrum with weight.
More work needs to be done in the analysis of the power spectrum
of camera motion. Adequate analysis can probably identify an
appropriate physical model for the motion.
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VI. Conclusions
In this investigation, the effect of camera weight on camera
motion was determined and the motion's effect on system MTF was
calculated. Two hundred seven measurements of the camera displacement
path were made for camera weights of 300 and 600 grams. Using these
measurements, the average MTF and SQF due to camera motion was
calculated for both weights. These calculations initially assumed a
perfectly efficient shutter. Later, two inefficient shutters were
modeled and the MTF due to shutter/motion interactions was calculated
for both weights.
The camera travels along a distinctive path at both weights, but
its displacement is less at the higher weight. The motion differences
are reflected in better image quality with the heavier camera. With an
efficient shutter, the image quality changes significantly between the
two weights for shutter times greater than 1/30 second. The SQF is
0.05 lower for the lighter camera at shutter times of 47 milliseconds
for a 3.5x print and 36 milliseconds for an 8x print. However,
photographs taken with shutter times of 1/30 second will be judged
acceptable at both weights and both magnifications. The SQF is linear
with shutter time for both camera weights, and it decays slower with
the heavier camera.
Neither of the two inefficient shutters modeled perform as well as
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a perfectly efficient shutter for effective shutter times of 1/30
second. The "slow-opening" shutter is particularly bad, and its
performance is not greatly improved by increasing camera weight. The
conventional shutter is very sensitive to weight-induced changes in the
motion; the MTF improved by 0.20 at 10 mm when the weight was
increased. The inefficient shutters will not approach the image
quality performance of the efficient shutter until the shutter time is
decreased to about 1/100 second.
There is some evidence suggesting the motion of the camera can be
modeled as a spring system with an impulse applied when the camera
shutter is triggered. The heavier camera then damps the motion more
than the lighter camera. This is consistent with the measured
displacement path and calculated MTF results.
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Appendix I.
Listings of Programs Used to Drive LED Array
112
10 REM *****#***#***********$'-sfc
20 REM BASIC PROGRAM TO DRIVE LED ARRAY USING ASSEMBLY CODE WRITTEN
BY J. WESTBROOK. REFERENCE PAGE 100-104
30 REM $C200 CONTAINS REFERENCE PULSE ON TIME. DECIMAL 49664
40 REM $C201 CONTAINS DATA PULSE ON TIME. DECIMAL 49665
50 REM $C202 CONTAINS DATA PULSE OFF TIME. DECIMAL 49666
60 REM CALL 49668 RUNS ROUTINE
70 REM IF PEEK( 49250)^=1 27 THEN CAMERA SHUTTER IS CLOSED
80 DEF FN TIME(T) = 2.5 * T 2 + 13-5 * T + 19
90 HOME : VTAB 5
100 INPUT "REFERENCE ON TIME PARAMETER" ; REF
110 INPUT "DATA ON TIME PARAMETER?" ;0T
120 INPUT "DATA OFF TIME PARAMETER?";OF
130 D$ = CHR$ (4)
140 PRINT D$;"BLOAD LED101"
150 POKE 49664, REF
160 POKE 49665,OT
170 POKE 49666,OF
180 PRINT
190 PRINT "REFRENCE PULSE ="; FN
TIME(REF);" USEC"
200 PRINT "DATA ON TIME= "; FN TIME(OT);" USEC"
210 PRINT "DATA OFF TIME ="; FN TIME(OF);"
USEC"
221 PRINT : INPUT " OK ?? (Y/N)";T$
222 IF T$ = "N" THEN GOTO 90
223 PRINT : PRINT "441 READY TO TAKE DATA \\\"
225 PRINT : PRINT "444 MANUALLY ENAELE LED ARRAY \\\"
226 GET k%
230 CALL 49668
240 FOR I r 1 TO 100: NEXT I
250 IF PEEK (49250) 4 =127 THEN GOTO 270
260 GOTO 240
270 FOR I = 1 TO 1000: NEXT I
280 GOTO 230
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Appendix II.
Listing of Program Used to Digitize Photographic Records
117
100 REM *********************
110 REM DATA ACQUISITION PROGRAM WRITTEN APRIL 1980 BY JOHN D.
GRIFFITH.
120 REM
130 REM PROGRAM HAS 4 MAIN FUNCTIONS:
140 REM
150 REM (1) CALCULATE MAGNIFICATION OF PROJECTION SYSTEM.
160 REM
170 REM (2) ACQUIRE DATA FROM IMAGES OF LED DISPLAY RAPIDLY. DATA
IS CORRECTED FOR PROJECTION SYSTEM MAGNIFICATION AND MISALIGNMENT OF
NEGATIVE IN PROJECTION SYSTEM BY SOFTWARE.
180 REM
190 REM (3) PROVISION IS MADE TO CORRECT ANY DATA.
200 REM
210 REM (4) DATA IS STORED ON CASETTE TAPE ALONG WITH
IDENTIFICATION.
220 REM
230 REM PROGRAM IS DESIGNED TO BE USED WITH TALOS 2D DIGITIZER IN
SLOT 4 AND RELAY FOR 'REMOTE' TAPE SWITCH ON ANNUCIATOR OUTPUT.
240 REM
250 REM SEE LAB NOTEBOOK, STARTING AT PAGE 1 . FOR MORE DETAILS AND
FLOW CHARTS
260 REM
270 REM
280 REM ************************
290 REM
300 REM POKE MACHINE LANGUAGE ROUTINE FOR GRAPHICS TABLET STARTING
AT 300 HEX.
310 REM
320 REM
330 POKE 768,32: POKE 774,173: POKE 775,0
340 POKE 776,196: POKE 777,172: POKE 778,192: POKE 779,192: POKE
780,44: POKE 781,0: POKE 782,3: POKE 783,240
350 POKE 784,245: POKE 785,41: POKE 786,15: POKE 787,141: POKE 788,1
POKE 78Q,3: POKE 790,140: POKE 791,2
360 POKE 792,3: POKE 793,173: POKE 794,0: POKE 795,196: POKE 796,172
POKE 797,192: POKE 798,192: POKE 799,44
370 POKE 800,0: POKE 801,3: POKE 802,208: POKE 803,245: POKE 804,170
POKE 805,41: POKE 806,16: POKE 807, 14 1
380 POKE 808,5: POKE 809,3: POKE 810,138: POKE 811,41: POKE 812,15:
POKE 813,141: POKE 814,3: POKE 815,3
390 POKE 816,140: POKE 817,4: POKE 818,3: POKE 819,96
400 POKE 902,173: POKE 903,48: POKE 904,192: POKE 905,136: POKE
906,208: POKE 907,5: POKE 908,206: POKE 909,133: POKE 910,3
410 POKE 911,240: POKE 912,9: POKE 913,202: POKE 914,208: POKE
915,245: POKE 916,174: POKE 917,132: POKE 918,03: POKE 919,76: POKE
920,134: POKE 921,3: POKE 922,96
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420 REM
430 REM
440 REM INITIALIZE VARIABLES FOR DIGITIZER ROUTINE
450 REM
460 TFS = 256:DIG = 774:XMSB = 769:XLSB = 770:YMSB = 771:YLSB =
772: PEN = 773 :DN = 16
470 REM
480 REM DIMENSION ARRAYS FOR ENTIRE PROGRAM
490 REM
500 DIM RX(2),RY(2),R0(2),XDIS(64),YDIS(64),STRING$(24)
510 REM
520 REM RX,RY ARE VECTORS DEFINING ORTHOGONAL SPACE
530 REM RO IS DISPLACEMENT VECTOR BETWEEN LED IMAGES
540 REM XDIS,YDIS ARE ARRAYS WHICH HOLD THE DISPLACEMENT DATA IN THE
DIRECTION OF RX AND RY
550 REM STRING* CONTAINS THE ASCII CODES FOR IDENTIFICATION MATERIAL
ABOUT THE XDIS,YDIS ARRAYS
560 REM
570 REM
580 HOME : VTAB 8: POKE - 16289,0
590 PRINT " INSURE DATA TAPE IS LOADED & RECORDER SET TO RECORD "
600 GET A$: POKE - 16290,1
1000 REM ***********************
1010 REM
1020 REM ***LABEL A***
1030 REM
1040 TEXT : HOME : VTAB 2
1050 PRINT "OPTIONS:"
1060 PRINT : PRINT "(1) CHANGE/SET MAGNIFICATION"
1070 PRINT : PRINT "(2) TAKE SEQUENTIAL DATA"
1080 PRINT : PRINT "(3) CORRECT GIVEN DATA POINT"
1090 PRINT : PRINT "(4) SAVE DATA ON CASETTE"
1100 PRINT : PRINT "(5) EXIT PROGRAM"
1110 VTAB 15: INPUT "SELECT OPTION: ";OPT
1 120 ON OPT GOSUB 2000 , 3000 , 4000 , 5000
1130 IF OPT = 5 THEN STOP
1140 GOTO 1000
2000 REM ********************
2010 REM
2020 REM ***LABEL B***
2030 REM
2040 REM ROUTINE DETERMINES THE MAGNIFICATION OF THE PROJECTION
SYSTEM. A TEST OBJECT OF KNOWN DIMENSION IS PROJECTED ONTO THE TABLET.
ITS LENGTH IS DETERMINED AND MAGNIFICATION CALCULATED. DIVIDING TABLET
UNITS BY THE VARIABLE 'MAG' GIVES
2050 REM DISTANCE IN THE CAMERA NEGATIVEiN MICROMETERS.
2060 REM
2070 REM
2080 HOME : VTAB 2
119
2090
2100
2110
2120
2130
2140
2150
2160
2170
2180
2190
2200
2210
3000
3010
3020
3030
3040
3050
3060
3070
3080
INPUT "TEST OBJECT LENGTH IN UM? ";D
PRINT : PRINT "DIGITIZE FIRST POINT"
GOSUB 6000
RX(1) = XN0W:RX(2) = YNOW
PRINT : PRINT "DIGITIZE SECOND POINT"
GOSUB 6000
RY(1) = XNOW:RY(2) = YNOW
MAG = SQR ((RX(1) - RY(1)) 2 + (RX(2) - RY(2)) 2) / D
RETURN
REM
REM ***END OF ROUTINE***
REM
REM **X***S#*KX*****#**##*
REM KX******#*#*-X*K*K#S**X
REM
REM ***LABEL C****
REM
REM THIS ROUTINE PERFORMS THE FOLLOWING FUNCTIONS:
REM
OBTAINS SAMPLE IDREM
REM
REM
(1)
(2) SETS UP ORTHOGONAL VECTOR SPACE DEFINED BY UNIT
VECTORS RX,RY.
3090
3100
DATA
3110
3120
3130
3140
3150
3160
3170
3180
3190
3200
3210
3220
3230
3240
3250
3260
3270
3280
3290
3300
3310
3320
3330
REM
REM (3)
BY SUBROUTINE
REM
ALLOWS FOR SEQUENTIAL
***LABEL G***
INPUT OF THE DISPLACEMENT
REM
REM
TEXT
INPUT
HOME
(4) RETURNS TO MAIN PROGRAM
HOME VTAB 5
"IDENTIFICATION FOR DATA. UP TO 24 CHARACTERS: ";STRING$
PRINT STRING$
POKE 34,4: VTAB 20: HOME
PRINT "INITIALIZE ORTHOGONAL VECTORS"
PRINT : PRINT "DIGITIZE POINT A (UPPER RIGHT)"
GOSUB 6000
AX = XNOW:AY =
PRINT : PRINT
GOSUB 6000
BX = XNOW:BY
PRINT : PRINT
GOSUB 6000
CX = XNOW:CY = YNOW
REM
CALCULATE
YNOW
"DIGITIZE
YNOW
"DIGITIZE
POINT B (LOWER RIGHT)"
POINT C (LOWER LEFT)'
REM
REM
MOD =
RY(1)
MOD =
RX,RY
SQR ((AX - BX) 2 + (AY - BY) 2)
: (AX - BX) / MOD:RY(2) = (AY - BY) /
SQR ((BX - CX) 2 + (BY - CY) 2)
MOD
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3340 RX(1) = (BX - CX) / M0D:RX(2) = (BY - CY) / MOD
3350 REM
3360 REM INPUT DATA
3370 REM
3380 HOME
3390 FOR SAMPLE = 2 TO 64
3400 GOSUB 7000
3410 NEXT SAMPLE
3420 POKE 34,0
3425 RETURN
3430 REM
3440 REM ***END OF ROUTINE***
3450 REM
3460 REM *********************
4000 REM ********************
4010 REM
4020 REM ***LABEL D***
4030 REM CORRECTION ROUTINE
4040 REM
4050 TEXT : HOME : VTAB 1
4060 PRINT STRING$
4070 POKE 34,4
4080 VTAB 5
4090 INPUT "WHICH SAMPLE WOULD YOU LIKE TO CORRECT? "; SAMPLE
4100 GOSUB 7000
4110 RETURN
4120 REM
4130 REM **END OF ROUTINE***
4 140 REM *******************
5000 REM ***********************
5010 REM
5020 REM **** LABEL E *****
5030 REM
5040 REM THIS ROUTINE PERFORMS THE FOLLOWING FUNCTIONS:
5050 REM
5060 REM (1) CONVERTS THE STRING VARIABLE 'STRING$r TO AN
INTEGER ARRAY 'STRING*' HAVING 24 ELEMENTS. EACH ELEMENT IS THE ASCII
EQUIVALENT OF A LETTER IN THE VARIABLE *STRING$'.
5070 REM
5080 REM (2) TURNS ON CASETTE RECORDER
5090 REM
5100 REM (3) STORES THE ARRAYS 'STRINGS?, * ,XDIS, AND YDIS ON
CASETTE TAPE.
5110 REM
5120 REM (4) TURNS OFF THE CASETTE RECORDER
5130 REM
5140 REM THE RECORDER MUST BE IN THE RECORD MODE WITH THE REMOTE
JACK PLUGGED IN TO THE RELAY FROM THE ANNUCIATOR.
5150 REM
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5160 REM ********************
5170 REM
5180 START = - 16289 :OFF = - 16290
5190 STRING$ = STRING$ + " "
5200 FOR I = 1 TO 24
5210 STRINGS I) = ASC ( MID$ (STRING$,I, 1 ))
5220 NEXT I
5230 XDISO) = 0:YDIS(1) = 0
5240 POKE START, 0
5250 STORE STRING*
5260 STORE XDIS
5270 STORE YDIS
5280 POKE 0FF,1
5290 RETURN
5300 REM
5310 REM ***END OF ROUTINE***
5320 REM
5330 REM ********************
6000 REM ******************
6010 REM
6020 REM *** LABEL F ***
6030 REM
6040 REM THIS ROUTINE READS X,Y COORDINATES OF PEN CONTINUOUSLY.
WHEN PEN IS PUT DOWN, THE VARIABLES 'XNOW' AND 'YNOW' RECEIVE THE X,Y
COORDINATES. THE BELL IS RUNG AND CONTROL PASSED BACK TO THE MAIN
PROGRAM.
6050 REM THIS ROUTINE REQUIRES POKING OF MACHINE LANGUAGE ROUTINE
AND INITIALIZATION OF VARIABLES PRIOR TO USE. THIS IS ACCOMPLISHED IN
THE MAIN PROGRAM AT THE VERY BEGINNING.
6060 REM
6070 CALL DIG
6080 XNOW = TFS * PEEK (XMSB) + PEEK (XLSB)
6090 YNOW = TFS * PEEK (YMSB) + PEEK (YLSB)
6100 VERT = PEEK (PEN)
6110 IF VERT 4 \ DN THEN 6070
6120 PRINT ""
6125 FOR I = 1 TO 300: NEXT I: PRINT ""
6130 RETURN
6140 REM
6150 REM ***END OF ROUTINE***
6160 REM
6170 REM *******************
7000 REM *******************
7010 REM
7020 REM ***LABEL G***
7030 REM
7040 REM THIS ROUTINE PERFORMS THE FOLLOSING FUNCTIONS:
7050 REM
7060 REM (1) TELLS THE OPERATOR THE NUMBER ( 2 TO 64 ) OF THE
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DATA POINT BEING SAMPLED. THIS IS THE VARIABLE 'SAMPLE'
7070 REM
7080 REM (2) COLLECTS THE X,Y COORDINATES OF THE LED IMAGE AND
ITS SHIFTED IMAGE.
7090 REM
7100 REM (3) CORRECTS FOR MISALIGNMENT BASED ON THE CURRENT
VALUES OF THE UNIT VECTORS RX AND RY.
7110 REM
7120 REM (4) CORRECTS FOR THE MAGNIFICATION OF THE PROJECTION
SYSTEM.
7130 REM
7140 REM (5) PLACES THE CORRECTED DELTAX, DELTAY VALUES IN THE
ARRAYS XDIS(SAMPLE),YDIS(SAMPLE)
7150 REM
7160 REM (6) RETURNS TO MAIN PROGRAM.
7170 REM
7180 REM
7190 HOME
7200 PRINT "TAKE DATA FOR LED # "; SAMPLE
7210 PRINT : PRINT
7220 PRINT "FIRST DATA POINT - UNSHIFTED";
7230 GOSUB 6000
7240 X1 = XNOW:Y1 = YNOW
7250 PRINT : PRINT
7260 PRINT "SECOND DATA POINT - SHIFTED";
7270 GOSUB 6000
7280 X2 = XN0W:Y2 = YNOW
7290 REM CALCULATE DOT PRODUCT OF DISPLACEMENT VECTOR WITH UNIT
ORTHOGONAL VECTORS RX,RY. PLACE RESULT IN VECTOR RO.
7300 R0(1) = RX(1) * (X2 - X1 ) + RX(2) * (Y2 - Y1)
7310 R0(2) = RY(1) (X2 - X1) + RY(2) * (Y2 - Y1)
7320 XDIS(SAMPLE) = R0(1) / MAG :YDIS( SAMPLE) = R0(2) / MAG
7330 RETURN
7340 REM
7350 REM ***END OF ROUTINE***
7360 REM
7370 REM ******************
123
Appendix III.
Listing of Program Used to Calculate MTF due to Camera Motion
for an Efficient Shutter
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100 REM ******************
110 REM MTF DUE TO IMAGE MOTION. REFERENCE FLOW CHART ON PAGE 34 IN
THESIS NOTEBOOK. WRITTEN MAY 1980. J.D. GRIFFITH. THIS PROGRAM FOR USE
WITH OUTPUT FROM DIGITIZER PROGRAM STORED ON MAG TAPE. COMMENTS
MINIMIZED TO SAVE SPACE.
120 REM ****************
130 TEXT : HOME : VTAB 4: INPUT "HOW MANY REALIZATIONS? ";NREALIZ*:
PRINT : INPUT "WHAT WAS THE SAMPLING INTERVAL IN MSEC? ";DT: PRINT :
INPUT "HOW MANY EXPOSURE TIMES WILL CALCULATIONS BE MADE FOR? ";NTAU*
140 PRINT : INPUT "WHAT IS THE MAX. SPATIAL FREQUENCY OF INTERST
(MM -1)? ";FMAX
150 DIM
TAU(NTAU*) ,M0MENT( 1 , 1 ,NTAU*) ,MTF( 1 , 1 ,32, NTAU*) ,VARMTF( 1 , 1 ,32, NTAU*)
160 DIM DISPLACEMENT*^ 1,64,NREALIZ*), PX(64),PY(64),STRING*(24),S(7)
170 HOME : PRINT "THERE ARE ";NTAU*;" EXPOSURE TIMES OF INTEREST.
WHAT ARE THEY? UNITS ARE MSEC": FOR I = 1 TO NTAU*: PRINT I; TAB(
5);: INPUT TAU(I): NEXT I
180 START* = - 16289:0FF* = - 16290:SHOOT* = - 16291 :WIND* = -
16292:PI = 3- 14159265 :N* = 31
184 DUMMY* = PEEK (WIND*): FOR I = 1 TO 800: NEXT I
185 HOME : VTAB 10: PRINT "CAMERA TEST": GOSUB 13000
186 VTAB 20: PRINT "START TAPE": GET A$
187 HOME
190 FOR I = 1 TO NREALIZ*: GOSUB 10000
195 IF I = 20 OR I = 40 OR I = 60 THEN GOSUB 13000: HOME
200 NEXT I: GOSUB 13000
210 REM PAGE CONNECTOR 1
220 FOR I = 0 TO 1:TEMP = 1 : FOR J = 1 TO NTAU*
230 NM* = TAU(J) / DT
240 FOR K = 0 TO 1: FOR L = TEMP TO NM*: FOR M = 1 TO NREALIZ*
250 MOMENT(I,K,J) = MOMENT(I,K,J) + ( (DISPLACEMENT* (I, L,M) * .001)
(K + 1 ) ) / NREALIZ*
252 NEXT M: NEXT L: IF J = NTAU* THEN GOTO 256
255 MOMENT(I,K,J + 1) = MOMENT(I,K,J)
256 NEXT K:TEMP = L
257 NEXT J: NEXT I
260 FOR I = 1 TO NTAU*: FOR J = 0 TO 1 : FOR K = 0 TO 1 :MOMENT( J,K,I)
= MOMENT(J,K,I) * DT / TAU(I)
265 NEXT K: NEXT J: NEXT I
280 REM PAGE CONNECTOR 2
290 FOR I = 0 TO 1: TEXT : HOME
300 IF I = 0 THEN PRINT "X-DIRECTION MOMENTS"
310 IF I = 1 THEN PRINT "Y-DIRECTION
MOMENTS"
320 PRINT "TAU"; TAB( 10);"M1"; TAB(
25);"M2"
330 FOR J = 1 TO NTAU*: PRINT TAU(J); TAB( 10) ;MOMENT(I,0, J) ; TAB(
25);MOMENT(I,1,J): NEXT J
340 GOSUB 13000: NEXT I
350 REM PAGE CONNECTOR 3
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355 TEXT
360 HOME : PRINT "FOLLOWING PLOTS ARE MTF'S USING MOMENTS
APPROXIMATION.": PRINT : PRINT : PRINT "MTF(F,TAU) = 1 - 2*(PI*F) 2*
VARIANCE(TAU)"
370 PRINT : PRINT : PRINT "MTF IS PLOTTED AGAINST LOG10 SPATIAL
FREQUENCY, WHERE SPATIAL FREQUENCY IS IN MM -1"
380 PRINT : PRINT "PLOTS WILL BE LABELED EITHER 'X-TAU' OR
'Y-TAU* WHERE X INDICATES X DIRECTION, Y INDICATES Y DIRECTION, AND
TAU IS THE EXPOSURE TIME IN MSEC"
385 GOSUB 13000
386 HOME
390 FLAG* = 1:XLOWER = 0:XUPPER = LOG (FMAX) / LOG (10):YLOWER =
0:YUPPER = 1:N* = 31
400 FOR 11 = 0 TO 1: IF 11 = 0 THEN A$ = "X"
410 IF 11 = 1 THEN A$ = "Y"
420 FOR J1 = 1 TO NTAU*:T$ = A$ + "-" + STR$ (TAU(J1)): GOSUB 11000
430 FOR K1 = 0 TO N*:F = 10 (K1 * DF):PY(K1) = 1 - 2 * ((PI * F)
2) * (MOMENT(I1,1,J1) - M0MENT(I1,0,J1) 2): IF PY(K1) 4 0 THEN
PY(K1) = 0
435 NEXT K1
440 GOSUB 12000: GOSUB 13000: NEXT J1 : NEXT 11
445 TEXT : HOME
450 REM PAGE CONNECTOR 4
452 VTAB 8: PRINT "EXP CALCULATION"
455 FOR 11 = 0 TO 1: FOR J1 = 0 TO N*:F = (.001 * 2 * PI) * 10 (J1
* DF)
460 FOR K1 = 1 TO NREALIZ*: BEG = 1:CSUM = 0:SSUM = 0
465 FOR L1 = 1 TO NTAU*: FIN* = TAU(L1) / DT
470 FOR M1 = BEG TO FIN*:CSUM = CSUM + COS (F *
DISPLACEMENT*^ 11,M1,K1)):SSUM = SSUM + SIN (F *
DISPLACEMENT* ( 11 ,M1,K1)): NEXT M1
472 BEG = FIN* + 1 :MTF(I1 ,0, J1 ,L1 ) = MTF(I1 ,0, J1 ,L1 ) + SQR (CSUM 2
+ SSUM 2) / FIN*
474 VARMTF(I1,0,J1,L1) = VARMTF(I1 ,0, J1 ,L1 ) + (CSUM 2 + SSUM 2) /
(FIN*) 2
475 VTAB 10: PRINT 11; TAB( 5);J1; TAB( 10);K1; TAB( 15);L1
476 NEXT L1: NEXT K1 : NEXT J1 : NEXT 11
477 HOME : VTAB 8: PRINT "EXP*SINC CALCULATION"
480 DEF FN SNC(U) = SIN (PI * U) / (PI * U)
485 FOR 11 = 0 TO 1: FOR J1 = 0 TO N*:F = (.001 * 2 * PI) * 10 (J1
* DF):U = F / (2 * PI)
490 FOR K1 = 1 TO NREALIZ*:BEG = 1:CSUM = 0:SSUM = 0
500 FOR L1 = 1 TO NTAU*: FIN* = TAU(L1) / DT
510 FOR M1 = BEG TO FIN*:DETA = DISPLACEMENT*^ 11 ,M1 ,K1 ) -
DISPLACEMENT? ( 11 ,M1 - 1,K1)
520 IF DETA = 0 THEN WEIGHT = 1 : GOTO 540
530 WEIGHT = FN SNC(DETA * U)
540 REM PAGE CONNECTOR 6
550 CSUM = CSUM + WEIGHT * COS (F * (DISPLACEMENT* ( 11 ,M1 ,K1 ) - DETA /
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2)):SSUM = SSUM + WEIGHT * SIN (F * (DISPLACEMENT* ( I 1 ,M1 ,K1 ) - DETA /
2)): NEXT M1
560 BEG = FIN* + 1
570 MTF(I1,1,J1,L1) = MTF(I1,1,J1,L1) + SQR (CSUM 2 + SSUM 2) /
FIN*:VARMTF(I1,1,J1,L1) = VARMTF(I1 , 1 , J1 ,L1 ) + (CSUM 2 + SSUM 2) /
(FIN* 2)
575 VTAB 10: PRINT 11; TAB( 5);J1; TAB( 10);K1; TAB( 15);L1
580 NEXT L1: NEXT K1 : NEXT J1 : NEXT 11
590 FOR 11 = 0 TO 1: FOR J1 = 0 TO 1 : FOR K1 =0 TO N*: FOR L1 = 1 TO
NTAU*
600 MTF(I1,J1,K1,L1) = MTF(I1,J1,K1,L1) / NREALIZ* :VARMTF( 11 ,J1 ,K1 ,L1 )
= VARMTF(I1,J1,K1,L1) / NREALIZ* - MTF(I1 , J1 ,K1 ,L1 ) 2
610 IF ABS (VARMTF(I1,J1,K1,L1)) 4 .0001 THEN VARMTF(I1 , J1 ,K1 ,L1 ) =
0
620 NEXT L1 : NEXT K1 : NEXT J1 : NEXT 11
700 REM PAGE CONNECTOR 7
705 HOME
710 FOR 11 = 0 TO 1: FOR J1 = 0 TO 1: HOME
720 IF 11 = 0 THEN A$ = "1"
730 IF 11 = 1 THEN A$ = " SINC(DELTA*F) "
740 IF J1 = 0 THEN B$ = " X"
750 IF J1 = 1 THEN B$ = " Y"
755 TEXT : HOME
760 PRINT "FOLLOWING PLOTS ARE FOR MTF IN" ;B$; "DIRECTION. MTF IS
PLOTTED AGAINST LOG10 FREQUENCY, WHERE FREQUENCY IS IN MM -1 . MTF IS
CALCULATED BY:": PRINT
770 PRINT : PRINT "MTF(F,TAU)=(1/TAU)
SUM(0,TAU)";A$;"EXP(-J*2*PI*F*";B$;"(T) ) DT": PRINT : PRINT
780 PRINT B$;"(T) IS DISPLACEMENT IN THE" ;B$; "DIRECTION. ONE
STANDARD DEVIATION ERROR LIMITS ARE ALSO PLOTTED AS LINES"
790 GOSUB 13000
800 FOR K1 = 1 TO NTAU*:T$ = B$ + "-" + STR$ (TAU(K1))
810 FOR L1 = 0 TO N*:PY(L1) = MTF( J1 ,11 ,L1 ,K1 )
820 REM PAGE CONNECTOR 8
830 NEXT L1
840 GOSUB 11000
850 FLAG = 0: GOSUB 12000
860 FLAG = 1 : FOR L1 = 0 TO N*
870 PY(L1) = MTF(J1,I1,L1,K1) - SQR (VARMTF( J1 ,11 ,L1 ,K1 ) )
880 NEXT L1
890 GOSUB 11000: GOSUB 12000
900 FOR L1 = 0 TO N*:PY(L1) = MTF( J1 ,11 ,L1 ,K1 ) + SQR
(VARMTF(J1,I1,L1,K1))
910 IF PY(L1) \ YUPPER THEN PY(L1) = YUPPER
920 NEXT L1
930 GOSUB 11000: GOSUB 12000: GOSUB 13000
940 NEXT K1: NEXT J1 : NEXT 11
950 REM PAGE CONNECTOR 9
960 TEXT : HOME
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970 PRINT "READY TO SAVE DATA": GET A$:DUMMY* = PEEK (START*)
980 PRINT : PRINT "NTAU* = ";NTAU*; TAB( 25);"DT= ";DT;" MSEC"
990 PRINT : PRINT "NREALIZ* = ";NREALIZ*
1000 PRINT : PRINT "DF, THE DELTA LOG FREQUENCY IN MM -1 FOR MTF AND
VARMTF = ";DF
1010 PRINT : PRINT "THE FOLLOWING ARRAYS WILL BE STORED IN THIS
ORDER": LIST 150
1020 GOSUB 13000: GET A$
1030 STORE TAU: STORE MOMENT: STORE MTF: STORE VARMTF
1040 STOP : END
10000 REM **LABEL A**
10010 DUMMY* = PEEK (START*)
10015 FOR KK = 1 TO 500: NEXT KK
10020 RECALL STRING*: RECALL PX: RECALL PY
10030 DUMMY* = PEEK (OFF*)
10040 STRING$ = " "
10050 FOR Jl = 1 TO 24:STRING$ = STRING$ + CHR$ (STRING* ( J1 )) : NEXT
J1
10060 FOR J1 = 1 TO 64:DISPLACEMENT*(0,J1,I) =
PX(J1):DISPLACEMENT*(1,J1,I) = PY(J1): NEXT J1
10070 PRINT STRING$
10080 RETURN
11000 REM **LABEL B**
11010 DF = LOG (FMAX) / ( LOG (10) * N*)
11020 FOR COUNT = 0 TO N*:PX(COUNT) = COUNT * DF: NEXT COUNT
1 1030 RETURN
12000 REM HI-RES PLOTTING SUBROUTINE; INSTALL CHAR. TABLE BETWEEN
0800.OBFF. INSTALL CHAR. GENERATOR BETWEEN 0C00.0CFF.POKE 103,1; POKE
104, 13; POKE 3328,0 BEFORE LOADING PROGRAM. T$=TITLE. THIS VERSION
DESIGNED FOR LESS MEMORY
12005 REM PX & PY ARE ARRAYS CONTAING THE DATA N*+1=# OF POINTS.
ARRAYS RUN FROM 0 TO N*. SET HIMEM:8192 TO PROTECT GRAPHICS PAGE FROM
PROGRAM. THIS VERSION ELIMINATES ALL OTHERAREM STATEMENTS.
12010 IF FLAG = 1 AND FLAG* 4 \ 1 THEN T$ = "ERROR"
12015 POKE 54,0: POKE 55,12: PRINT " ": POKE 972,8: PR# 0: TEXT : IF
FLAG* = 1 THEN GOTO 12045:XUPPER = PX(0):XLOWER = PX(0):YLOWER =
PY(O):YUPPER = PY(O)
12020 FOR I = 1 TO N*: IF PX(I) \ XUPPER THEN XUPPER = PX(I)
12025 IF PX(I) 4 XLOWER THEN XLOWER = PX(I)
12030 IF PY(I) \ YUPPER THEN YUPPER = PY(I)
12035 IF PY(I) 4 YLOWER THEN YLOWER = PY(I)
12040 NEXT I
12045 E4 = 1E + 04
12050 A1 3 XLOWER :B1 = XUPPER :L =10: GOSUB 12140 .-XLOWER = A:XUPPER =
B:SX = 21 / C
12055 A1 = YLOWER :B1 = YUPPER:L = 10: GOSUB 12 140:YLOWER = A:YUPPER =
B:SY = 17 / C
12060 FOR I = 0 TO N*:PX(I) = SX * (PX(I) - XLOWER) + 68:PY(I) = 170
- SY * (PY(I) - YLOWER): NEXT I
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12065 IF FLAG = 0 THEN HGR : GOTO 12080
12070 IF FLAG = 1 THEN POKE - 16297,0: POKE - 16304,0: POKE -
16300,0: POKE - 16297,0: POKE - 16302,0: FOR I = 0 TO N*: HPLOT
PX(I),PY(I): NEXT I
12075 GOTO 12135
12080 POKE 49234,0: HCOLOR= 7: HPLOT 68,170 TO 278,170: FOR I = 0 TO
10: HPLOT 68 + I * 21,168 TO 68 + I * 21,172: NEXT I
12085 HPLOT 68,170 TO 68,175: HPLOT 173,170 TO 173,175: HPLOT 278,170
TO 278,175: HPLOT 68,0 TO 68,170
12090 FOR I = 0 TO 10: HPLOT 66,0 + 17 * I TO 70,0 + I * 17: NEXT I:
HPLOT 63,0 TO 68,0: HPLOT 63,85 TO 68,85: HPLOT 63,170 TO 68,170: POKE
54,60: POKE 55,12
12095 YUPPER = INT (YUPPER * E4) / E4:YMID = INT ((YUPPER + YLOWER)
/ 2 * E4) / E4:YLOWER = INT (YLOWER * E4) / E4
12100 YUPPER$ = STR$ (YUPPER) :YUPPER* = LEFT& (YUPPER$,9) :YUPPER =
VAL (YUPPER$):YM$ = STR$ (YMID) :YM$ = LEFT$ (YM$,9):YMID = VAL
(YM$):YLOWER$ = STR$ (YLOWER)
12105 YLOWER$ = LEFT$ (YLOWER$,9) :YLOWER = VAL (YLOWER$): VTAB 1:
PRINT YUPPER: VTAB 11: PRINT YMID: VTAB 22: PRINT YLOWER
12110 XUPPER = INT (XUPPER * E4) / E4:XMID = INT ((XUPPER + XLOWER)
/ 2 * E4) / E4:XLOWER = INT (XLOWER * E4) / E4
12115 VTAB 23: HTAB 10: PRINT XLOWER :XM$ = STR$ (XMID):V = LEN
(XM$): VTAB 23: HTAB 26 - V / 2: PRINT XMID:
12120 XUPPER$ = STR$ (XUPPER) :V = LEN (XUPPER$) : VTAB 23: HTAB 41 -
V: PRINT XUPPER: HPLOT PX(0),PY(0)
12125 FOR I = 1 TO N*: HPLOT TO PX(I),PY(I): NEXT I
12130 VTAB 17: POKE 973,255: PRINT " ": VTAB 18: PRINT "
": VTAB 19: PRINT " "
12135 VTAB 18: PRINT T$: POKE 973,0: PR# 0: RETURN
12140 REM ROUND LIMITS ROUTINE FOR GRAPHICS.
12405 REM **MUST DIM S(12) IN MAIN PROG **
12410 M = 7
12415 FOR I = 1 TO 7
12420 READ S(I)
12425 DATA 1,1.5,2,2.5,4,5,10
12430 NEXT I
12435 RESTORE
12440 LET A2 = A1
12445 LET B2 = B1
12450 LET R = B2 - A2
12455 IF R = 0.0 THEN 12465
12460 IF L I 0.0 THEN 12485
12465 LET A = 0.0
12470 LET B = 0.0
12475 LET C = 0.0
12480 RETURN
12485 LET C2 = ABS (R / L)
12490 P = LOG (C2) / LOG (10)
12495 IF P \ = 0.0 THEN 12505
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12500 LET P = P - 1.0
12505 LET N = SGN (P) * INT ( ABS (P))
12510 LET F r C2 / 10.0 N
12515 FOR J = 1 TO M
12520 IF F \ S(J) THEN 12540
12525 LET C = S(J) * (10.0 N)
12530 LET K = J
12535 GOTO 12565
12540 NEXT J
12545 PRINT "ABORT - MOST PROBABLE CAUSE IS AN ERROR IN THE TABLE OF
STANDARD INCREMENT MANTISSAS"
12550 STOP
12555 LET K = K + 1
12560 LET C = S(K) * (10.0 N)
12565 LET I = A2 / C
12570 LET I = SGN (I) * INT ( ABS (I))
12575 LET T = I
12580 LET A = T * C
12585 LET D = ABS ((A - A2) / R)
12590 IF A2 4 0.0 THEN 12620
12595 IF R \ 0.0 THEN 12645
12600 IF D 4 = 0.0001 THEN 12610
12605 LET A = A + C
12610 LET C = -
12615 GOTO 12645
12620 IF R \ 0.6 THEN 12635
12625 LET C = - C
12630 GOTO 12645
12635 IF D 4 = 0.0001 THEN 12*45
12640 LET A = A - C
12645 LET T2 = A + (C * L)
12650 IF R 4 0.0 THEN 12630
12655 IF T2 J = B2 THEN 12685
12660 IF ABS ((B2 - T2) / R) 4 = 0.0001 THEN 12685
12665 IF K 4 M THEN 12555
12670 LET N = N + 1
12675 GOTO 12510
12680 IF T2 \ B2 THEN 12660
12685 LET B = T2
12690 RETURN
13000 REM **LABEL SHOOT**
13010 DUMMY* = PEEK (SHOOT*)
13020 FOR TIME = 1 TO 800: NEXT TIME
13030 DUMMY* = PEEK (WIND*.)
13040 FOR TIME = 1 TO 800: NEXT TIME
13050 RETURN
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Appendix IV.
Discussion of Variance in Displacement Path and Variance of
Calculated MTF
131
In this Appendix, the variance of the MTF estimate is considered.
First, the variance in the measured camera diplacement path is
presented for the last experiment and the corresponding variance in the
MTF is compared to it. Then, the results of a Monte Carlo simulation
are used to show that the large variance in the camera motion MTF did
not arise from the data handling procedures.
The variance of the displacement path between operators is shown
in Figure IV- 1 for Experiment 8. This data indicates small
differences between operators for times less than 100 milliseconds.
The spread is much larger for times longer than 100 milliseconds. This
behavior is reflected in the variance calculated for the MTF.
The variance in MTF is plotted for a 125 millisecond shutter time
in Figure IV-2, where it is marked 'ACTUAL1. This MTF variance was
calulated under the discontinuous motion assumption, but similar
results hold for constant velocity. The MTF variance is quite small
at low frequencies, peaks near 5 , and then falls off. The peak
value is about 0.06. This is quite large, as it translates into a 2
standard deviation confidence interval of + .25 MTF units.
A Monte Carlo simulation showed that the large confidence
intervals were not caused by the precision of the data reduction
procedure. Gaussian errors with zero mean and the variance of the data
reduction process were added to the mean displacement path given in
Figure 16 (in the main text) to generate many displacement paths. The
variance in the MTF from these paths was calculated. The variance in
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Figure IV-1. Variance in displacement path between
operators for Experiment 8. The labels
X, Y, and R indicate horizontal,
vertical and total displacement,
respectively.
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the calculated MTF is also plotted as a function of frequency in Figure
IV-2, where it is marked 'SIMULATION'. The simulation showed
appreciable variance only after about 15 , which was predicted in
Chapter IV.
A program listing for the simulation appears at the end of this
Appendix.
Similar analysis was done for all the shutter times in this
experiment. In all cases, the variance in MTF predicted by the
simulation was much smaller than the actual variance. This indicates
the experimental methods employed were adequate to obtain reliable
results to 15 or 20 . It also means there are probably large
natural differences between camera operators.
Figures IV-3 and IV-4 compare the variance in MTF under the
assumptions of discontinuous motion between samples and constant
velocity between samples. In Figure IV-3 the "constant velocity" MTF
is plotted against the "discontinuous" MTF at 3.5 . Figure IV-4 is
a similar plot at 8 . Linear regression data is given below in
Table IV-1. In both cases, the variance in MTF is slightly higher
under the constant velocity assumption. Evidently the discontinous
motion assumption understates not only the average MTF, as discussed in
the main text, but also the variance in MTF.
134
u
A
R
I
A
N
C
E
1
0
0
8
SIMULATION) ** +
>.i|..|.4.^.|..|,.4.|^..^4..I..J...*-H:Hp..!!!:!!! .1 i.
0 .3 .6 1.0 1.3 1.6
LOG10 SPATIAL FREQUENCY <MM*-1>
Figure IV-2. Comparison of actual variance in MTF
with Monte Carlo simulation of data
reduction errors.
135
u
A
R
I
A
N
C
E
1
0
0
0
100"
80--
60--
40-
28-
0jj
0
:*
#
+ + + 4-
20 40 60 80
UARIANCE X 1000
100
Figure IV-3. Comparison of variance in MTF between
discontinuous motion and constant
velocity assumptions. The y-axis is
variance under the constant velocity
assumption. The x-axis is variance
under the discontinuous motion
assumption. Spatial frequency is
3.5 mm
-1
136
u
A
R
I
A
N
C
E
1
0
0
0
100+
80--
60--
40--
20--
ekk =H I I
8 26 46 66
VARIANCE X 1666
H h
86 166
Figure IV-4. Comparison of variance in MTF between
discontinuous motion and constant
velocity assumptions. The y-axis is
variance under the constant velocity
assumption. The x-axis is variance
under the discontinuous motion
assumption. Spatial frequency is
3.5 mm
-1
137
Table IV-1. Comparison of variance in MTF for two calculation
methods.
The subscripts D and CV refer to the discontinuous and
constant velocity assumptions. r is the correlation
coefficient.
2 2
Regression of C7 on O using the model:
MTFcv(u) MTFD(u)
2 2
o = K + bi 0
MTFcv(u)
'
MTFD(u)
u bQ b1 r
3.5 mm"!! -.006 1.014 .995
8.0 mm"' -.003 1.079 .979
A listing for the Monte Carlo Simulation program follows.
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Initialize Variables
CHR$ (4)
. 045094839 :NFRQ* = 32:NPTS*
3.14159265 * 2
= 64
100 REM Program to test hypothesis of measurement variance large
confidence intervals in MTF due to camera motion
101 REM
105 REM Function ERR gives Gaussian pdf with variance specified
and zero mean by using Central Limit Theorem
110 DEF FN ERR(VAR) = SQR ((12 / 5) * VAR) * ( RND ( 1 ) + RND ( 1 )
RND (1) + RND (1) + RND (1) - 2.5)
119 REM
120 REM
130 D$ =
131 DLF =
132 TW0PI
140 DIM
XDIS (NPTS* ) ,YDIS (NPTS* ) ,MTF ( 1 ,NFRQ* ) , VARMTF ( 1 ,NFRQ* ) ,XMEAN (NPTS* ) , YMEAN
(NPTS*) ,VMTF( 1 , 1 ,NFRQ*, 5)
145 DIM MEASVARMTF ( 1 ,NFRQ* )
150 REM
160 REM Get Input from keyboard
170 HOME
180 INPUT "Desired Std. Dev. in x-direction? ";XVAR
190 INPUT "Desired Std. Dev. in y-direction? ";YVAR
200 XVAR = XVAR * XVAR:YVAR = YVAR * YVAR
INPUT "What File has the displacement data?
INPUT "What destination file is desired?
INPUT "How many realizations will be used?
INPUT "What Exposure time in msec is desired?
INPUT "What is the value of NTAU ? ";NTAU
210
230
240
245
246
250
260
270
280
290
300
320
330
335
340
350
PRINT
PRINT
PRINT
PRINT
PRINT
REM
REM read data & calculate mean
PRINT D$"0PEN ";FDIS$
PRINT D$"READ ";FDIS$
INPUT PAGNO*: INPUT DT
IF NREALIZ$ 4 \ "ALL" THEN
FOR R = 1 TO NR*
PRINT D$ ; "POSITION" ; FDIS$ ; " ,R24"
PRINT D$;"READ ";FDIS$
";FDIS$
";DEST$
";NREALIZ$
";TAU
INPUT WEIGHT: INPUT NR*
= VAL (NREALIZ$)
INPUT XDIS(I):
INPUT YDIS(I):
= 1 TO NPTS*
= 1 TO NPTS*
= TAU / DT
= 1 TO NCALC*:XMEAN(I)
YDIS(I): NEXT I
NEXT
NEXT
XMEAN(I) + XDIS(I):YMEAN(I)
FOR I
FOR I
355 NCALC*
360 FOR I
YMEAN(I)
370 NEXT R
375 PRINT D$; "CLOSE ";FDIS$
380 FOR I = 1 TO NCALC*:XMEAN(I) = XMEAN(I) / NR*:YMEAN(I) = YMEAN(I)
/ NR*: NEXT I
420 REM
430 REM calculate av(MTF) & var(MTF)
435 REM F is the frequency in um -1
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440 FOR J1 = 0 TO NFRQ*
445 HOME : PRINT J1
450 F = (.001 * TWOPI) * 10 (J1 * DLF)
460 FOR K1 = 1 TO NR*
465 GOSUB 1000
470 CSUM = 0:SSUM = 0
490 FOR M1 = 1 TO NCALC*
500 CSUM = CSUM + COS (F * XDIS(M1))
510 SSUM = SSUM + SIN (F * XDIS(M1))
515 TEMP = CSUM * CSUM + SSUM * SSUM
520 NEXT M1
530 MTF(0,J1) = MTF(0,J1) + SQR (TEMP) / NCALC*
540 VARMTF(0,J1) = VARMTF(0,J1) + TEMP / (NCALC* * NCALC*)
546 REM
550 CSUM = 0:SSUM = 0
560 FOR M1 = 1 TO NCALC*
570 CSUM = CSUM + COS (F * YDIS(M1))
580 SSUM = SSUM + SIN (F * YDIS(M1))
590 TEMP = CSUM * CSUM + SSUM * SSUM
600 NEXT M1
610 MTF(1,J1) = MTF(1,J1) + SQR (TEMP) / NCALC*
620 VARMTF(1,J1) = VARMTF(1,J1) + TEMP / (NCALC* * NCALC*)
625 NEXT K1
630 FOR I = 0 TO 1
640 MTF(I,J1) = MTF(I,J1) / NR*
650 VARMTF(I,J1) = VARMTF(I,J1) / NR* - MTF(I,J1) * MTF(I,J1)
660 NEXT I
670 NEXT J1
680 REM
690 REM get variance data for comparison store in arra^r
MEASVARMTF
695 HOME : PRINT "INSERT DISKETTE WITH MEASURED VARIANCE DATA" ; : GET
A$
700 GOSUB 2000
800 REM
805 HOME : PRINT "INSERT DISKETTE TO RECEIVE DESTINATION FILES";: GET
A$
810 REM write out the APPLEPLOT file
815 H = 0: REM x variance data
819 PRINT
820 PRINT D$;"OPEN ";DEST$ + ".X"
829 PRINT
830 PRINT D$; "WRITE ";DEST$ + ".X"
835 PRINT NFRQ* + 1 : PRINT NFRQ* + 1
840 FOR I = 0 TO NFRQ*
850 PRINT DLF * I
860 PRINT MEASVARMTF(H,I) * 1000
870 NEXT I
880 FOR I = 0 TO NFRQ*
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890 PRINT DLF * I
900 PRINT VARMTF (H, I) * 1000
910 NEXT I
920 IF H = 1 THEN 950
930 PRINT D$; "CLOSE ";DEST$ + ".X"
940 H = 1
942 PRINT D$;"OPEN ";DEST$ + ".Y"
946 PRINT D$; "WRITE ";DEST$ + ".Y"
948 GOTO 835
950 PRINT D$; "CLOSE ";DEST$ + ".Y"
960 END
1000 REM
1010 REM add gaussian noise
1020 FOR I = 1 TO NCALC*:XDIS(I) = XMEAN(I) + FN ERR(XVAR) :YDIS(I) =
YMEAN(I) + FN ERR(YVAR)
1025 NEXT I
1030 RETURN
1040 REM
2000 REM
2010 REM read in variance data from actual calculations
2015 PRINT D$;"OPEN VARMTF." + STR$ (PAGNO*)
2020 PRINT D$;"READ VARMTF." + S R$ (PAGNO*)
2030 FOR A = 0 TO 1 : FOR B = 0 TO 1 : FOR C = 1 TO NFRQ* : FOR D = 1 TO
NTAU
2040 INPUT VMTF(A,B,C,D)
2050 NEXT D: NEXT C: NEXT B: NEXT A
2055 PRINT D$; "CLOSE VARMTF." + STR$ (PAGNO*)
2060 FOR DIR = 0 TO 1: FOR FRQ = 0 TO NFRQ*
2070 MEASVARMTF(DIR,FRQ) = VMTF (DIR,0, FRQ, NTAU)
2080 NEXT FRQ: NEXT DIR
2090 RETURN
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Appendix V.
Average Displacement Path and Camera Motion MTF for
Experiments 1-7
142
Note
This Appendix contains plots of the average displacement path in x
and y direction, average MTF in x direction, and average MTF in y
direction for Experiments 1 through 7. The average MTF plots are
calculated for a perfectly efficient shutter. Plots for Experiment 8
are not included. They can be found in Chapter V of the text.
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Figure V-1. Average displacement in the x
(horizontal) and y direction as a
function of time.
Data from Experiment number 1 .
Sampling interval = 15.6 msec.
Camera weight = 300 grams.
19 measurements.
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Figure V-2. Average displacement in the x
(horizontal) and y direction as a
function of time.
Data from Experiment number 2.
Sampling interval =7.8 msec.
Camera weight = 300 grams.
24 measurements.
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Figure V-3. Average displacement in the
(horizontal) and y direction as
function of time.
Data from Experiment number 3-
Sampling interval =2.6 msec.
Camera weight = 300 grams.
24 measurements.
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Figure V-4. Average displacement in the x
(horizontal) and y direction as a
function of time.
Data from Experiment number 4.
Sampling interval =7.8 msec.
Camera weight = 600 grams.
33 measurements.
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Figure V-5. Average displacement in the x
(horizontal) and y direction as a
function of time.
Data from Experiment number 5.
Sampling interval =0.5 msec.
Camera weight = 300 grams.
30 measurements.
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Figure V-6. Average displacement in the x
(horizontal) and y direction as a
function of time.
Data from Experiment number 6.
Sampling interval =0.5 msec.
Camera weight = 600 grams.
23 measurements.
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Figure V-7. Average displacement in the x
(horizontal) and y direction as a
function of time.
Data from Experiment number 7 .
Sampling interval =4.0 msec.
Camera weight = 300 grams.
24 measurements.
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Figure V-8. Average MTF in the x direction
calculated using the assumption of
constant velocity between samples.
Shutter time in msec is the parameter.
Data from Experiment number 1.
Sampling interval = 15.6 msec.
Camera weight = 300 grams.
19 measurements.
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Figure V-9. Average MTF in the x direction
calculated using the assumption of
constant velocity between samples.
Shutter time in msec is the parameter.
Data from Experiment number 2.
Sampling interval =7.8 msec.
Camera weight = 300 grams.
24 measurements.
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Figure V-10. Average MTF in the x direction
calculated using the assumption of
constant velocity between samples.
Shutter time in msec is the parameter.
Data from Experiment number 3.
Sampling interval =2.6 msec.
Camera weight = 300 grams.
24 measurements.
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Figure V-11. Average MTF in the x direction
calculated using the assumption of
constant velocity between samples.
Shutter time in msec is the parameter.
Data from Experiment number 4.
Sampling interval =7.8 msec.
Camera weight = 600 grams.
33 measurements.
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Figure V-12. Average MTF in the x direction
calculated using the assumption of
constant velocity between samples.
Shutter time in msec is the parameter.
Data from Experiment number 5.
Sampling interval =0.5 msec.
Camera weight = 300 grams.
30 measurements.
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Figure V-1 3. Average MTF in the x direction
calculated using the assumption of
constant velocity between samples.
Shutter time in msec is the parameter.
Data from Experiment number 6.
Sampling interval =0.5 msec.
Camera weight = 600 grams.
23 measurements.
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Figure V-14. Average MTF in the x direction
calculated using the assumption of
constant velocity between samples.
Shutter time in msec is the parameter.
Data from Experiment number 7.
Sampling interval =4.0 msec.
Camera weight = 300 grams.
24 measurements.
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Figure V-1 5. Average MTF in the y direction
calculated using the assumption of
constant velocity between samples.
Shutter time in msec is the parameter.
Data from Experiment number 1.
Sampling interval = 15.6 msec.
Camera weight = 300 grams.
19 measurements.
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Figure V-16. Average MTF in the y direction
calculated using the assumption of
constant velocity between samples.
Shutter time in msec is the parameter.
Data from Experiment number 2.
Sampling interval =7.8 msec.
Camera weight = 300 grams.
24 measurements.
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Figure V-17- Average MTF in the y direction
calculated using the assumption of
constant velocity between samples.
Shutter time in msec is the parameter.
Data from Experiment number 3.
Sampling interval =2.6 msec.
Camera weight = 300 grams.
24 measurements.
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Figure V-18. Average MTF in the y direction
calculated using the assumption of
constant velocity between samples.
Shutter time in msec is the parameter.
Data from Experiment number 4.
Sampling interval =7.8 msec.
Camera weight = 600 grams.
33 measurements.
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Figure V-19. Average MTF in the y direction
calculated using the assumption of
constant velocity between samples.
Shutter time in msec is the parameter.
Data from Experiment number 5.
Sampling interval =0.5 msec.
Camera weight = 300 grams.
30 measurements.
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Figure V-20. Average MTF in the y direction
calculated using the assumption of
constant velocity between samples.
Shutter time in msec is the parameter.
Data from Experiment number 6.
Sampling interval =0.5 msec.
Camera weight = 600 grams.
23 measurements.
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Figure V-21. Average MTF in the y direction
calculated using the assumption of
constant velocity between samples.
Shutter time in msec is the parameter.
Data from Experiment number 7.
Sampling interval =4.0 msec.
Camera weight = 300 grams.
24 measurements.
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Appendix VI.
Listing of Program Used to Calculate SQF
165
100 REM SQF PROGRAM
105 REM
110 REM CONSTANTS:
120 PI = 3.1415926
130 L10 = LOG (10)
140 NTHETA = 8
150 DTHETA = PI / (2 * NTHETA)
160 DLF = .045094839
170 D$ = CHR$ (4)
175 PRINT D$; "CATALOG,D2"
180 REM
190 REM ARRAYS
200 DIM
C(NTHETA) ,S(NTHETA) ,TIME(40) ,TSYS(32) ,TX(32) ,TY(32) ,FID$(40) ,SQF(40)
210 REM
220 HOME : VTAB 3
230 INPUT "MAGNIFICATION ? ";MAG
240 INPUT "SYSTEM T.F. FILE? ";SYS$
250 INPUT "SQF DESTINATION FILE? ";DEST$
260 GOSUB 1000: REM INITIALIZE VARIABLES
270 GOSUB 2000: REM GET INPUT FILES
280 FOR I = 1 TO NFILES
290 GOSUB 3000: REM GET TRANSFER FUNCTIONS
300 GOSUB 4000: REM CALC. SQF
305 NEXT I
306 PRINT D$; "CATALOG,D2"
310 GOSUB 5000: REM WRITE RESULTS
330 END
1000 REM ***********************
1010 THETA = - DTHETA / 2
1020 FOR I = 1 TO NTHETA
1030 THETA = THETA + DTHETA
1040 C(I) = COS (THETA)
1050 S(I) = SIN (THETA)
1060 NEXT I
1070 REM
1080 KFIN = INT ( LOG (2 * MAG) / (L10 * DLF))
1090 KSTART = INT ( LOG (.5 * MAG) / (L10 * DLF))
1 100 IF KSTART 4 1 OR KSTART \ 32 OR KFIN 4 1 OR KFIN \ 32 THEN
PRINT "ERROR \ KSTART=
";KSTART;' KFIN= ";KFIN;""
1110 REM
1120 PRINT
1 1 30 PRINT D$ ; "OPEN " ; SYS$
1140 PRINT
1150 PRINT D$;"READ ";SYS$
1160 INPUT TEMP: INPUT TEMP
1170 FOR J = 1 TO 32
1180 INPUT TEMP: INPUT TSYS(J)
166
1190 NEXT J
1200 PRINT D$;"CLOSE ";SYS$
1300 RETURN
2000 REM ************************
2010 HOME : PRINT "INPUT FILE NAMES & TIME. 'END' TO END"
2020 I = 1
2030 INPUT "FILEi";FID$(I)
2035 IF FID$(I) = "END" THEN NFILES =1-1: GOTO 2060
2040 INPUT "TIME|";TIME(I): PRINT
2050 1=1+1
2055 GOTO 2030
2060 HOME : INPUT "REVIEW ? ";Q$
2070 IF Q$ = "N" THEN 2205
2080 FOR I = 1 TO NFILES
2085 PRINT "OLD FILE\ ";FID$(I);' *';TIME(I)
2090 INPUT "NEW FILE\ ";TEMP$
2100 IF TEMP$ = CHR$ (1) THEN 2130
2110 FID$(I) = TEMP$
2120 INPUT "TIME|";TIME(I)
2130 NEXT I
2135 GOTO 2060
2205 PRINT D$; "CATALOG,D1"
2210 RETURN
3000 REM ***********************
3005 PRINT "LOOKING FOR: ";FID$(I): GET A$
3010 PRINT
3020 PRINT D$;"OPEM ";FID$(I)
3030 PRINT
3040 PRINT D$;"READ ";FID$(I)
3050 INPUT TEMP
3060 INPUT TEMP
3070 FOR J = 1 TO 32
3080 INPUT TEMP
3090 INPUT TX(J)
3100 NEXT J
3110 FOR J = 1 TO 32
3120 INPUT TEMP
3130 INPUT TY(J)
3140 NEXT J
3145 PRINT D$; "CLOSE ;FID$(I)
3150 RETURN
4000 REM ***********************
4010 SQF(I) = 0
4020 FOR J = 1 TO NTHETA
4030 FOR K = KSTART TO KFIN
4040 SQF(I) = SQF(I) + TSYS(K) * TX(K
* C(J)) * TY(K * S(J))
4050 NEXT K: NEXT J
4060 SQF(I) = SQF(I) / (NTHETA * (KFIN - KSTART))
4070 RETURN
167
5000 REM *********************
5010 PRINT
5020 PRINT D$;"OPEN ";DEST$
5025 PRINT
5030 PRINT D$; "WRITE ";DEST$
5031 PRINT NFILES
5032 TEMP = 0: PRINT TEMP
5035 FOR I = 1 TO NFILES
5040 PRINT TIME(I)
5050 PRINT SQF(I)
5055 NEXT I
5060 PRINT D$ ; "CLOSE" ;DEST$
5070 RETURN
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Appendix VII.
Listing of Program Used to Calculate MTF due to Camera Motion
and Inefficient Shutters
169
10 PI = 3.14159265
20 DEF FN SNC(U) = SIN (PI * U) / (PI * U)
100 DLF = .045094839
110 D$ = CHR$ (4)
119 DIM L( 100)
120 DIM S(100),YDIS(64),MTF(32)
125 DIM T(100),P(100)
130 HOME
140 INPUT "TAU?";TAU
145 INPUT "DT?";DT
150 INPUT "MAXIMUM LINEAR DIMENSION OF APERTURE ON FILM PLANE?" ;LMAX
151 INPUT "DEST FILE?";DEST$
152 GOSUB 1000
155 PRINT D$; "CATALOG"
160 INPUT "FILE WITH MOTION DATA?";FID$
170 PRINT D$;"OPEN ";FID$
210 PRINT D$;"P0SITI0N";FID$",R3"
215 PRINT D$;"READ ";FID$
220 INPUT NREALIZ*
230 FOR I = 1 TO NREALIZ*
235 PRINT D$; "POSITION ";FID$;",R24"
240 PRINT D$; "POSITION ";FID$;",R64"
250 PRINT D$;"READ ";FID$
260 FOR J = 1 TO 64
270 INPUT YDIS(J)
275 YDIS(J) = YDIS(J) * .001
280 NEXT J
290 IF YDIS( 1 ) = 0 THEN PRINT ""
300 FOR J = 0 TO 31
305 RSUM = 0:ISUM = 0
310 F = 10 (J * DLF)
320 ALPHA = 2 * PI * F
330 FOR K = 1 TO 3 * TAU / DT
335 C = COS (ALPHA * YDIS(K)):S = SIN (ALPHA * YDIS(K))
336 IF J = 0 THEN WEIGHT = S(K) : GOTO 340
337 WEIGHT = S(K) * FN SNC(L(K) * F)
340 RSUM = RSUM + WEIGHT * C
341 ISUM = ISUM + WEIGHT * S
350 NEXT K
360 MTF(J) = MTF(J) + (DT / (TAU * NREALIZ*)) * SQR (RSUM * RSUM +
ISUM * ISUM)
364 TEMP = INT (100 * MTF(J) / MTF(O))
365 PRINT J;" MTF= ";TEMP
370 NEXT J
380 NEXT I
390 PRINT D$; "CLOSE ";FID$
410 PRINT D$;"OPEN ";DEST$
420 PRINT D$; "WRITE ";DEST$
170
430 PRINT "32": PRINT "0"
440 FOR I = 0 TO 31
450 PRINT I * DLF
460 PRINT MTF(I)
470 NEXT I
480 PRINT D$; "CLOSE" ;DEST$
482 IF FLAG = 1 THEN STOP
483 FLAG = 1
485 GOSUB 1130
486 GOTO 170
1000 TEMP$ = DEST$
1010 FD$ = "TRISHUT"
1020 DEST$ = TEMP$ + "." + FD$
1030 PRINT D$;"OPEN ";FD$
1040 PRINT D$;"READ ";FD$
1050 INPUT N1: INPUT DUMMY
1060 FOR I = 1 TO N1
1070 INPUT T(I): INPUT P(I)
1080 NEXT I
1085 PRINT D$; "CLOSE ";FD$
1086 RR = 0
1090 FOR I = 1 TO 3 * TAU STEP DT
1095 RR = RR + 1
1100 S(RR) = P(I)
1105 L(RR) = SQR (S(RR)) * LMAX * LMAX
1106 PRINT RR; TAB( 4);L(RR); TAB( 20);S(RR)
1110 NEXT I
1115 FOR I = 1 TO 32:MTF(I) = 0: NEXT I
1120 RETURN
1130 FD$ = "SLOWSHUT": GOTO 1020
171
Appendix VIII.
Method Used to Calculate Temporal Power Spectrum
172
Figure 36 in the main text presents some ensemble averaged power
spectrum results. This appendix describes the method used to calculate
the power spectrum. The definition of ensemble averaged power spectrum
is given in Equation VIII-1.
(VIII-1) P (f) = (1/M) El X.(f) j;
H i=1
where X(f) is the Fourier Transform of x(t) and M is the
number of realizations
Using digital computers to calculate power spectrum requires an
understanding of the problems associated with the Discrete
Fourier
Transform. These probems include aliasing, frequency resolution, and
wrap-around error.
Brigham1
gives an excellent discussion of sampling,
aliasing, frequency resolution, and the relationship between
the
continuous and discrete transform. These problems will be briefly
considered.
The transform pairs for the continuous Fourier Transform, the DFT,
and the FFT are given in Equations (VIII-2), (VIII-3), and (VIII-4),
respectively.
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+ oo
(VIII-2a) G(f) = f g(x) exp(-j2 7rxf) dx
+ 00
(VIII-2b) g(x) = / G(f) exp(+j2 7rxf) df
N-1
(VIII-3a)G(nAf) = E g(kAx) exp(-j2 7rnk/N)Ax n=0,1,...N-1
k=0
N-1
(VIII-3b)g(kAx) = E G(nAf) exp(+j2 7rnk/N)Af k=0,1,...N-1
k=0
N-1
(VIII-4a) X(n) = E x(k) exp(-j2 7rnk/N)
k=0
N-1
(VIII-4b) x(k) = E X(n) exp(+j2 7rnk/N)
n=0
Although at first glance, the DFT appears to be a simple numerical
approximation to the continuous transform, the relationship is actually
more subtle. As shown in Figure VIII-1 , the DFT transform pair is a
sampled and replicated analog of the continuous transform pair.
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Figure VIII-1. Relationship between the continuous
and discrete Fourier Transform
pairs.
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Equations (VIII-3a,b) indicate the function is sampled in each domain.
Sampling in either domain with a unit weight impulse train causes the
function in the other domain to be replicated at the reciprocal of the
sampling interval. This can be seen from the properties of an impulse
train. Hence, the DFT transform pair is periodic and sampled in both
domains.
Care must be taken in interpreting the frequency scale of the DFT.
There are only N unique values available in each domain because the
functions are replicated. Due to the indexing used in the DFT
definition, frequencies greater than N/2 must be interpreted as
negative to give agreement with the continuous transform. The
frequency resolution, Af , is fixed by the width of the function in the
space domain. It is given by the relationship in Equation (VIII-5).
These properties can be seen from Figure VIII-1 .
(VIII-5) NAxAf = 1
The problem of aliasing is closely connected with the spatial
sampling interval. As shown in Figure VIII-1, the spectrum is
replicated at intervals of 1/Ax. The continuous transform is assumed
to be zero for all f greater than f__. Provided the spatial sampling
interval is chosen in accordance with Equation (VIII-6), there is no
overlap between the replicated spectras. This is the case illustrated
in the figure. If f is greater than 1/2 Ax, the spectrum is
aliased and does not accurately represent the continuous spectrum. An
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alternative to correct sampling is prefiltering the spectrum prior to
sampling. This removes frequency components beyond a maximum frequency
of interest.
(VIII-6) Ax =
2 f
max
Wrap-around error may occur when using the DFT to calculate power
spectrum or autocorrelation. The autocorrelation of a function is
twice the width of the function. When the autocorrelation is
replicated by the DFT, it "wraps around" the sample space because it is
now twice as wide as the space itself. The transform of this unusual
function is not the power spectrum. The problem is usually solved by
padding the sample space with an extra N points at zero or constant
value. In this case, the autocorrelation fills the space properly and
the power spectrum is calculated correctly.
The FFT is a particular algorithm for calculating the DFT. It has
the advantage that computation time is proportional to N log2(N),
rather than the IT of the brute force approach. To obtain a properly
scaled Fourier Transform using the FFT, the input function must be
multiplied by Ax prior to transformation. The values of X(n)
correspond to the frequency n Af. For n greater than N/2, the
frequencies are interpreted as being negative.
The program following this discussion performed ensemble averaged
power spectrum calculations using the data tapes from the digitizer
set-up. The user inputs the sampling interval in msec and the number
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of realizations on the data tape. The data for each realization is
read in and altered prior to transforming via a FFT subroutine. The
mean is subtracted from the data and an additional 64 points are
appended to the original data. The appended data is one half period of
a cosine that smoothly connects the first and last data points. It
adds power at only one frequency. This is shown in Figure VIII-2 for
the case of 8 measured points padded to 16. This procedure was used to
avoid the wrap-around error discussed earlier.
As a result of appending this data, the FFT algorithm sees 128
data points and calculates 128 transform points with a frequency
resolution of f = 1/( 128 At ). This indicated frequency resolution
is false because the width of the sampled space was actually 64 At,
not 128 At. Therefore, the program only reports points in the transform
array indexed 0, 2, 4, ... 126, with reported indices greater than 62
being interpreted as negative frequencies in the usual fashion. The
power associated with the appended half period cosine falls in the
first and 127th point and is not reported. The power at the 0 index is
zero as the means were subtracted in the beginning, but the variance of
all the realizations is available from the moments calculation in the
MTF program.
The displacement data naturally had no imaginary components since
it was the result of physical measurements. This allowed the X and Y
direction displacement data to be transformed simultaneously using a
technique discussed by Brigham. The X and Y data were assigned to the
real and imaginary arrays being transformed. Following the FFT call,
179
I
Original Data
1 ' ' ' ' i i i i i i i i i i i i i i i
?
0
Data actually transformed
x ?added points
*x
i i i i i i i i i i ii'i i i i i i i i i i
7 9 11 13 15 17
Original Data
Replicated
Figure VIII-2. Padding of sampled data with half
cosine to avoid wrap around error.
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they merely had to be sorted out. This technique increased the speed
of computation considerably and test data showed changes only in the
last significant figure of the BASIC interpreter.
At each frequency, the program calculates the average power and
the variance between the power for all the realizations. This data was
displayed graphically. The average power spectrum and the variance in
the power spectrum were then stored on cassette tape.
The mean and variance at each frequency of an ensemble averaged
power spectrum estimate can be used to calcuate confidence intervals on
the estimate. The Fourier power spectrum coefficient is given by the
p
sum of the squares of the sine and cosine coefficient. Hence the X
distribution approximates the power spectrum distribution of the
2
individual realizations. The degrees of freedom in a \
distribution is given by:
(VIII-7) V - 2JJ.
O2
Using the calculated mean and variance, the equivalent degrees of
freedom can be calculated from Equation (28). Confidence intervals on
the mean were assigned from the \ distribution in the usual manner.
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Table VIII-1. Experimental Parameters for Power Spectrum Calculation.
Experiment
At
(msec)
Camera
weight M
Af
(Hz)
f
Nyquist
(Hz)
5 .5 300 g. 30 31.25 1000
6 .5 600 g. 23 31.25 1000
3 2.6 300 g. 24 6.0 192
7 4.0 300 g. 24 4.0 125
8 4.0 600 g. 30 4.0 125
2 7.8 300 g. 24 2.0 64
4 7.8 600 g. 33 2.0 64
1 15.6 300 g. 19 1.0 32
M is the number of measurements.
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REFERENCE
10 REM *****************:***
SLS? P0WER SPECTRUM PROGRAM. J.D. GRIFFITH MAY 1980.THESIS NOTEBOOK, PAGE 61
30 HOME : VTAB 4: INPUT "HOW MANY REALIZATIONS? ";NREALIZ*40 VTAB 6: INPUT "WHAT IS THE SAMPLING INTERVAL IN MSEC? ";DT
42 DT = .001 * DT:PI = 3.1415926530
45 STARTS = - 16289 :OFF* = - 16290 :SHOOT* = - 16291:WIND* = -
16292:DUMMY* = PEEK (WIND*): FOR TIME = 1 TO 500: NEXT TIME
50 VTAB 12: PRINT "CAMERA TEST": GOSUB 13000
60 ZO* = 7:N* = 128:ISIGN = - 1
70 DIM
XREAL( 128) ,XIMAG( 128) ,PX(64) ,PY(64) ,STRING*(24) ,STRING$(NREALIZ*) ,MOMEN
T(1,1,64),S(7)
75 HOME : VTAB 12: PRINT "START DATA TAPE"
GET A$
HOME
FOR 19 = 1 TO NREALIZ?,
GOSUB 10000: REM GET DATA
100 FOR J9 = 1 TO 64
110 XREAL(J9) = PX(J9) * DT:XIMAG(J9)
120 NEXT J9
130 TEST = (PX(64) - PX(1)) * DT
140 AX = .5 * TEST
160 TEST = (PY(64) - PY(1)) * DT
170 AY = .5 * TEST
65 TO 128
= AX * COS (2 * PI
76
77
80
90
PY(J9) * DT
(J9 - 65) / 128) + .5 * (XREAL(64)
COS (2 * PI * (J9 - 65) / 128) + .5 * (XIMAG(64)
YSUM +
190 FOR J9 =
200 XREAL(J9)
+ XREAL(D)
210 XIMAG(J9) = AY
+ XIMAG(D)
211 NEXT J9
212 XSUM = 0:YSUM = 0
213 FOR J9 = 1 TO 128:XSUM = XSUM + XREAL( J9) :YSUM
XIMAG(J9): NEXT J9
215 XX = XSUM / 128:YY = YSUM / 128: FOR J9 = 1 TO 128:XREAL( J9) =
XREAL(J9) - XX:XIMAG(J9) = XIMAG(J9) - YY: NEXT J9
230 GOSUB 11000: REM FFT
235 REM MOMENT(I,J,K). 1=0,1 \ X,Y; J=0,1, --JMEAN, VARIANCE;
K=1,2,.. ^FREQUENCY
240 FOR K9 = 0 TO 1
250 FOR J9 = 2 TO N* / 2
260 MOMENT(0,K9,J9) = MOMENT(0,K9,J9) + (1 / NREALIZ*) * ((XREAL(J9)
XREAL(N* + 2 - JQ)) 2 / 4 + (XIMAG(J9) - XIMAG(N* + 2 - J?)) 2 /
4) (K9 + 1)
270 MOMENT(1,K9,J9) = MOMENT(1,K9,J9) + (1 / NREALIZ*) * ((XIMAG(Jo)
XIMAG(N* + 2 - J9)) 2 / 4 + (XREAL(J9) - XREAL(N* + 2 - J9)) 2 /
4) (K9 + 1)
280 NEXT J9
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281 MOMENT(0,K9,1)
(K9 + 1))
282 M0MENT(1,K9,1)
(K9 + O)
283 NEXT K9: NEXT 19
300 FOR 19 = 0 TO
310 FOR J9 = 1 TO
= MOMENT(0,K9,1) + (1 / NREALIZ*) * ((XSUM 2)
= M0MENT(1,K?,1) + (1 / NREALIZ*) * ((YSUM 2)
1
/ 2
HOME
320 MOMENT( 19 , 1 , J9 ) = MOMENT( 19 , 1 , J9 ) - MOMENT ( IQ , 0 , JQ ) 2
325 IF ABS (MOMENT(I9,1,J9)) 4 1E - OQ THEN MOMENT(IQ, 1 , J9) =0: REM
AVOID ROUND-OFF ERROR
330 NEXT J9: NEXT 19
HOME : PRINT ""
FOR In = 1 TO NREALIZ*
PRINT STRING$(I9)
IF 19 = 20 THEN GOSUB 13000:
NEXT 19
GOSUB 13000
/ (N* * DT)
: VTAB 5: PRINT "FOLLOWING PLOTS ARE POWER SPECTRUM IN X,Y
X-AXIS IS TEMPORAL FREQUENCY IN HZ. Y-AXIS IS LOG 10 POWER
-1). ONE SIGMA ERROR LIMITS ARE ALSO PRINTED"
395 PRINT : PRINT "DT= ";DT; "SECONDS": PRINT "DF = ";DF;" HZ": PRINT
"F NYQUIST = ";1 / (2 * DT);" HZ"
396 PRINT "NOTE: DF IS BASED ON 128 POINTS"
400 GOSUB 13000
405 N* = 6^
410 FOR 19 = 0 TO 1
420 IF 19 = 0 THEN T$
430 IF 19 = 1 THEN T$
440 GOSUB 14000
450 FLAG = 0:FLAG* = 0
335
340
345
350
360
370
380 DF
390 HOME
DIRECTIONS
(UM 2 SEC
X
Y
0 TO N*:PY(J9) = LOG (MOMENT ( 19,0,J9 + D) / LOG (10)
= 0 TO N?:PY(JQ) =
1))) / LOG (10)
YUPPER
460 FOR J9
NEXT J9
470 GOSUB 12000
480 FLAG = 1:FLAG* = 1
490 GOSUB 14000: FOR J9
+ SQR (MOMENT(I9,1,J9 +
500 IF PY(J9) \ YUPPER THEN PY(J9)
510 NEXT J9: GOSUB 12000
520 GOSUB 14000: FOR J9 = 0 TO N*:PY(J9)
(MOMENT(I9,1,J9 + D)
521 IF PY(J9) 4=0 THEN PY(J9) = YLOWER: GOTO 530
522 PY(J9) = LOG (PY(J9)) / LOG (10)
530 IF PY(J9) 4 YLOWER THEN PY(J9) = YLOWER
540 NEXT J9: GOSUB 12000
550 GOSUB 13000
560 NEXT 19
565 TEXT
570 HOME : VTAB 8: PRINT "READY TO SAVE
DATA"
LOG (MOMENT ( 19, 0,JQ + 1)
MOMENT ( 19, 0,J9 + D - SQR
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580 PRINT "NREALIZ*= ";NREALIZ*
590 PRINT "DIM STRING$(NREALIZ*)"
600 PRINT "DIM MOMENT( 1,1,64)"
510 LIST 235
615 GOSUB 13000
620 GET A$
630 STORE STRING$: STORE MOMENT
640 END
10000 REM ***********************
10010 DUMMY* = PEEK (START*)
10015 FOR KK = 1 TO 25: NEXT KK
10020 RECALL STRING*: RECALL PX: RECALL PY
10025 DUMMY* = PEEK (OFF*)
10030 FOR 18 = 1 TO 24:STRING$(I9) = STRING$(I9) + CHR$
(STRING*(I8)): NEXT 18
10040 RETURN
10050 REM *********************
11000 REM FFT ROUTINE(XREAL,XIMAG,Z0*,N*,ISIGN). N*=2 ZO*. ISIGN
DETERMINES +1 OR -I TRANSFORM. N*=# OF POINTS
11001 REM ARRAYS RUN FROM 1 TO N*. N* IS THE "ZERO" POINT
11002 REM REFERENCE :E.O. BRIGHAM, THE FAST FOURIER TRANSFORM,
PRENTICE-HALL, 1974.
11003 REM TRANSLATION OF FORTRAN PROGRAMON PAGE 164
1 1004 REM
11005 REM BRIGHAM GRIFFITH
11006 REM NU ZO*
11007 REM NU1 Z1*
11008 REM K1N2 KN*
11009 REM NONE ISIGN
11010 REM INITIALIZE VARIABLES
11011 REM
11012 N2* = N* / 2:Z1* = ZO* - 1 :K* = 0
11013 REM
11014 FOR L = 1 TO ZO*
11015 FOR I = 1 TO N2*
11016 REM
11017 REM BIT REVERSING
11018 REM
11019 J1* = K* / (2 Z1*):P = 0
11020 FOR 12 = 1 TO Z0*:J2* = J1* / 2:P = P * 2 + (J1* - 2 * J2*):J1*
= J2*: NEXT 12
11021 REM
11022 ARG = 6.28318530 * P * ISIGN / N*
11023 C = COS (ARG):S = SIN (ARG)
11024 K1* = K* + 1:KN* = K1* + N2*
11025 TREAL = XREAL(KN*) * C + XIl2AG(KN*) * S
11026 TIMAG = XIMAGfKN*) * C - XREAL(KN*) * S
11027 XREAL(KN*) = XREAL(K1*) - TREAL
11028 XIMAG(KN*) = XIMAG(K1*) - TIMAG
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1029 XREAL(K1*) = XREAL(K1*) + TREAL
11030 XIMAG(K1*) = XIMAGCK1*) + TIMAG
11031 K* = K* + 1
1 1032 NEXT
11033 K* = K* + N2*
11034 IF K* 4 N* GOTO 11015
11035 K* = 0
11036 Z1* = Z1* - 1
11037 N2* = N2* / 2
11038 NEXT
11039 FOR K = 1 TO N*
11040 J1* = K - 1
11041 I* = 0
11042 REM BIT REVERSING
11043 FOR 12 = 1 TO
11044 J2* = J1* / 2
11045 I* = I* * 2 + (J1* ~ 2 * J2*)
11046 J1* = J2*
1 1047 NEXT
11048 I* = I* + 1
1 1049 IF I* 4 K GOTO 1 1056
11050 TREAL = XREAL(K)
11051 TIMAG = XIMAG(K)
11052 XREAL(K) = XREAL(I*)
11053 XIMAG(K) = XIMAG(I*)
11054 XREAL(I*) = TREAL
11055 XIMAG(I*) = TIMAG
11056 NEXT : RETURN
12000 REM HI-RES PLOTTING SUBROUTINE ; INSTALL CHAR. TABLE BETWEEN
0800 . OBFF . INSTALL CHAR . GENERATOR - BETWEEN 0C00 . OCFF . POKE 103,1; POKE
104,13;POKE 3328,0 BEFORE LOADING PROGRAM. T$=TITLE. THIS VERSION
DESIGNED FOR LESS MEMORY
12005 REM PX & PY ARE ARRAYS CONTAING THE DATA N*+1=# OF POINTS.
ARRAYS RUN FROM 0 TO N*. SET HIMEM:8192 TO PROTECT GRAPHICS PAGE FROM
PROGRAM. THIS VERSION ELIMINATES ALL OTHERAREM STATEMENTS.
12010 IF FLAG = 1 AND FLAG* 4 \ 1 THEN T$ = "ERROR"
12015 POKE 54,0: POKE 55,12: PRINT " ": POKE 972,8: PR# 0: TEXT : IF
FLAG* = 1 THEN GOTO 12060
12016 XUPPER = PX(0):XLOWER = PX(0):YLOWER = PY(0):YUPPER = PY(O)
12020 FOR I = 1 TO N*: IF PX(I) I XUPPER THEN XUPPER = PX(I)
12025 IF PX(I) 4 XLOWER THEN XLOWER = PX(I)
12030 IF PY(I) \ YUPPER THEN YUPPER = PY(I)
12035 IF PY(I) 4 YLOWER THEN YLOWER = PY(I)
12040 NEXT I
12045 E4 = 1E + 04
12050 A1 = XLOWER :B1 = XUPPER :L =10: GOSUB 12140 :XLOWER = A:XUPPER =
B:SX = 21 / C
12055 A1 = YLOWER :B1 = YUPPER :L =10: GOSUB 12140:YLOWER = A:YUPPER =
B:SY = 17 / C
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12060 FOR I = 0 TO N*:PX(I) = SX * (PX(I) - XLOWER) + 68:PY(I) = 170
- SY * (PY(I) - YLOWER): NEXT I
12065 IF FLAG = 0 THEN HGR : GOTO 12080
12070 IF FLAG = 1 THEN POKE - 162Q7,0: POKE - 16304, 0: POKE -
16300,0: POKE - 16297,0: POKE - 16302,0: FOR I = 0 TO N*: HPLOT
PX(I),PY(I): NEXT I
12075 GOTO 12135
12080 POKE 49234,0: HCOLOR= 7: HPLOT 68,170 TO 278,170: FOR I = 0 TO
10: HPLOT 68 + I * 21,168 TO 68 + I * 21,172: NEXT I
12085 HPLOT 68,170 TO 68,175: HPLOT 173,170 TO 173,175: HPLOT 278,170
TO 278,175: HPLOT 68,0 TO 68,170
12090 FOR I = 0 TO 10: HPLOT 66,0 + 17 * I TO 70,0 + I * 17: NEXT I:
HPLOT 63,0 TO 68,0: HPLOT 63, 8S TO 68,85: HPLOT 63,170 TO 68,170: POKE
54,60: POKE 55,12
12095 YUPPER = INT (YUPPER * E4) / E4:YMID = INT ((YUPPER + YLOWER)
/ 2 * E4) / E4:YLOWER = INT (YLOWER * E4) / E4
12100 YUPPER$ = STR$ (YUPPER) :YUPPER$ = LEFT$ (YUPPER$,9) :YM$ =
STR$ (YMID):YM$ = LEFT$ (YM$,9) :YLOWER$ = STR$ (YLOWER)
12105 YLOWER$ = LEFT$ (YLOWER$,9): VTAB 1: PRINT YUPPER$: VTAB 11:
PRINT YM$: VTAB 22: PRINT YLOWER$
12110 XUPPER = INT (XUPPER * E4) / E4:XMID = INT ((XUPPER + XLOWER)
/ 2 * E4) / E4: XLOWER = INT (XLOWER * E4) / E4
12115 VTAB 23: HTAB 10: PRINT XLOWER:XM$ = STR$ (XMID):V = LEN
(XM$): VTAB 23: HTAB 26 - V / 2: PRINT XMID:
12120 XUPPER$ = STR$ (XUPPER) :V = LEN (XUPPER$): VTAB 23: HTAB 41 -
V: PRINT XUPPER: HPLOT PX(0),PY(0)
12125 FOR I = 1 TO N* STEP 2: HPLOT TO PX(I),PY(I): NEXT I
12130 VTAB 17: POKE 973,255: PRINT " ": VTAB 18: PRINT "
": VTAB 19: PRINT " "
12135 VTAB 18: PRINT T$: POKE 973,0: PR# 0: RETURN
12140 REM ROUND LIMITS ROUTINE FOR GRAPHICS.
12405 REM **MUST DIM S(12) IN MAIN PROG **
12410 M = 7
12415 FOR I = 1 TO 7
12420 READ S(I)
12425 DATA 1,1.5,2,2.5,4,5,10
12430 NEXT I
12435 RESTORE
12440 LET A2 = A1
12445 LET B2 = B1
12450 LET R = B2 - A2
12455 IF R = 0.0 THEN 12465
12460 IF L | 0.0 THEN 12485
12465 LET A = 0.0
12470 LET B = 0.0
12475 LET C = 0.0
12480 RETURN
12485 LET C2 = ABS (R / L)
12490 P = LOG (C2) / LOG (10)
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12495 IF P i = o.O THEN 12505
12500 LET P = P - 1.0
12505 LET N = SGN (P) * INT ( ABS (P))
12510 LET F = C2 / 10.0 N
12515 FOR J = 1 TO M
12520 IF F i S(J) THEN 12540
12525 LET C = S(J) * (10.0 N)
12530 LET K = J
12535 GOTO 12565
12540 NEXT J
12545 PRINT "ABORT - MOST PROBABLE CAUSE IS AN ERROR IN THE TABLE OF
STANDARD INCREMENT MANTISSAS"
12550 STOP
12555 LET K = K + 1
12560 LET C = S(K) * (10.0 N)
12565 LET I = A2 / C
12570 LET I = SGN (I) * INT ( ABS (I))
12575 LET T = I
12580 LET A = T * C
12585 LET D = ABS ((A - A2) / R)
12590 IF A2 4 0.0 THEN 12620
12595 IF R \ 0.0 THEN 12645
12600 IF D 4 = 0.0001 THEN 12610
12605 LET A = A + C
12610 LET C = - C
12615 GOTO 12645
12620 IF R i 0.0 THEN 12635
12625 LET C = - C
12630 GOTO 12645
12635 IF D 4 =0.0001 THEN 12645
12640 LET A = A - C
12645 LET T2 = A + (C * L)
12650 IF R 4 0.0 THEN 12680
12655 IF T2 \ = B2 THEN 12685
12660 IF ABS ((B2 - T2) / R) 4 = 0.0001 THEN 12685
12665 IF K 4 M THEN 12555
12670 LET N = N + 1
12675 GOTO 12510
12680 IF T2 I B2 THEN 12660
12685 LET B = T2
12690 RETURN
13000 REM **LABEL SHOOT**
13010 DUMMY* = PEEK (SHOOT*)
13020 FOR TIME = 1 TO 800: NEXT TIME
13030 DUMMY* = PEEK (WIND*)
13040 FOR TIME = 1 TO 800: NEXT TIME
13050 RETURN
14000 FOR 18 = 0 TO N*:PX(I8) = 18 * DF: NEXT 18: RETURN
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